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Transition metals such as Mn, Zn, Fe and Cu are essential micronutrients to 
living organisms but have the potential to become toxic. Due to this dual nature, 
transition metal homeostasis is tightly controlled. During infection, the pathogen and host 
fight over control of these micronutrients, a process that is termed “nutritional immunity”. 
The best characterized examples of nutritional immunity involve the metal binding 
protein calprotectin and the anemia of inflammation response with Fe. Recent work from 
the Culotta lab and others have shown there is also a nutritional immunity response for 
Cu. 
One mechanism by which hosts limit pathogens of transition metals is the metal 
binding protein calprotectin. Calprotectin binds to transition metals around pathogenic 
lesions to withhold these metals from the invaders. In Chapter 2 we focus on the role of 
calprotectin during infection with the Lyme disease pathogen Borrelia burgdorferi. This 
work establishes and quantifies the presence of calprotectin at sites of B. burgdorferi 
infection in humans.  Furthermore, unlike other for pathogens, calprotectin inhibits 
Borrelia growth without metal binding through a mechanism that requires physical 
interaction with B. burgdorferi.  
Perhaps the best characterized example of nutritional immunity is anemia of 
inflammation. During this response, the circulating Fe pool carried by serum transferrin 
precipitously drops. We find in Chapter 3 that anemia of inflammation is transient and 
that circulating Fe pools can be restored at later stages of infection by a multicopper 
oxidase ceruloplasmin, that promotes Fe-transferrin binding. 
Is there a nutritional immunity response with Cu? We previously showed that 
kidney Cu levels drop during infection by the opportunistic fungal pathogen Candida 





seen with the malaria parasite Plasmodium berghei. In Chapter 4 we focus on the fungal 
response to host withholding of Cu. We find that the Cu-sensing transcription factor 
Mac1p, which functions to activate Cu acquisition mechanisms during Cu starvation, is 
an important virulence factor for C. albicans. Beyond Cu acquisition, we find that C. 
albicans Mac1p is important for maintaining cellular respiration and Fe uptake processes 
that are dependent on Cu, thereby promoting survival in the low Cu environment of the 
host.   
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Introduction to nutritional immunity 
Transition metals such as Mn, Zn, Fe, and Cu are essential micronutrients for 
living organisms, yet have the potential to become toxic. Due to this dual nature, 
transition metal homeostasis is tightly controlled. During infection, pathogens must 
acquire micronutrients from the host. In a process termed “nutritional immunity” the host 
withholds micronutrients from pathogens (1-3). 
 
Nutritional immunity involving circulating Fe  
Nutritional immunity was first described for Fe (4). The labile Fe pool in the 
serum is comprised of Fe bound to transferrin (5). Fe efflux from cells is executed by the 
Fe-transporter ferroportin and subsequent oxidation by the multicopper oxidase (MCO) 
ceruloplasmin, promotes Fe-transferrin binding (6-11) (Fig. 1-1). During infection, the 
small peptide hormone hepcidin is secreted from the liver (12-14). It binds to ferroportin 
which mediates its internalization and subsequent degradation (15) (Fig. 1-1). As a 
result, Fe-transferrin levels drastically plummet in the serum (16). This creates a 
condition known as anemia of inflammation (17). Successful pathogens have evolved 
with methods of acquiring Fe in spite of this host-imposed anemia and a fierce battle for 
Fe nutrients at the host-pathogen interface ensures (18). 
 Curiously the MCO ceruloplasmin that loads Fe onto transferrin is an acute 
phase protein, meaning it is induced during conditions of infection and inflammation (19). 
This would seem at odds with the host response to prevent Fe-transferrin binding. In this 






Nutritional immunity involving Calprotectin 
A second type of nutritional immunity has been characterized involving the metal 
binding heterodimer of the S100A8 and S100A9 proteins, named calprotectin (20,21). 
Calprotectin is produced by epithelial cells, keratinocytes, macrophages, monocytes, 
and neutrophils (22-24). In neutrophils it can comprise as much as 40% of the total 
proteins in the cytosol (25). It has been demonstrated that calprotectin can bind Fe, Mn, 
and Zn (2,26,27). Calprotectin binds to these metals with high affinity to withhold them 
from pathogens and can be present in the extracellular space surrounding pathogenic 
lesions at concentrations as high as 1 mg/mL (28,29). The Culotta lab has also shown 
that calprotectin can bind Cu and withhold Cu from a fungal pathogen in culture (30). In 
this thesis we show there is more to calprotectin than just metal withholding. In studies 
with the Lyme disease pathogen Borrelia burgdorferi we show that calprotectin has 
additional anti-microbial functions that are independent of metal withholding (Chapter 2).  
 
Nutritional Immunity involving Cu 
Up until 2015, it was believed that Cu was not involved in nutritional immunity, 
rather the opposite that the host exploits Cu toxicity to thwart growth of microbial 
pathogens. Cu is not only a nutrient, but is highly reactive in biological systems and can 
cause production of deleterious reactive oxygen species (ROS) through so-called 
Fenton chemistry, and can displace other metal co-factors from their sites in 
metalloenzymes, including Fe-S clusters (31). The belief that Cu is mainly used by the 
host as a toxin comes from a number of observations in macrophages. These studies 
have shown that Cu is elevated in the phagolysosome compartment of the macrophage 
following engulfment of the pathogen. Bacterial and fungal pathogens with impaired Cu-





(32-38). Much of this earlier work on Cu in infection focused on bacterial pathogens that 
are highly vulnerable to Cu toxicity, but do not require Cu as a nutrient for intracellular 
cuproenzymes. Due to the highly toxic nature of Cu, bacteria eliminate all Cu from the 
cytosol and all bacterial cuproproteins are extracellular or periplasmic (39-42). However, 
unlike bacteria, eukaryotes including fungal pathogens have evolved with numerous 
intracellular cuproenzymes in the cytosol, the mitochondria, chloroplasts and secretory 
pathway. In theory, eukaryotic pathogens should be vulnerable to the effects of Cu 
starvation. 
Studies since 2015 have shown that eukaryotic pathogens can indeed be subject 
to nutritional immunity for Cu (30,43-50). To-date, these studies have only shown Cu 
withholding with fungi, but similar principles should apply to parasitic pathogens as well. 
The major focus of this thesis is on Cu in fungal pathogens and how Cu is managed at 
the host-fungal pathogen interface.  
 
Cu homeostasis of the Host 
Cu homeostasis in mammals is tightly controlled as defects in Cu homeostasis 
are debilitating and often lethal. The major Cu-transporting proteins in mammals are the 
high affinity Cu uptake transporter CTR1, and Cu efflux is executed by two P-type 
ATPases, ATP7A and ATP7B. CTR1 is the major Cu permease in all eukaryotes from 
yeast to mammals and accounts for 70% of the Cu import into mammalian cells (51). 
ATP7A transports Cu from the cytosol to the trans-Golgi network, intracellular vesicles, 
and to secretory granules (52). In the trans-Golgi network, the Cu from ATP7A is used to 
activate cell surface or secreted cuproproteins as they transit the secretory pathway. 
ATP7A can also localize to the basolateral membrane of polarized epithelial cells to 





exception of the liver (54) and is responsible for the aforementioned elevated Cu in the 
phagolysosome of macrophages during the Cu burst of infection. The second Cu-
transporting ATPase, ATP7B is known to function in the liver, kidney, mammary gland 
and brain (53,55-58). It is perhaps best known for its roles in the liver; transporting Cu to 
the bile and shuttling Cu into the secretory pathway for the synthesis of the MCO 
ceruloplasmin (59,60). As described above, ceruloplasmin functions in Fe loading of 
transferrin, establishing an important requirement for Cu in Fe homeostasis.  
  
Essential fungal cuproproteins 
Fungi use Cu for a number of vital cellular processes and this thesis specifically 
highlights the role of Cu in antioxidant defense via superoxide dismutase (SOD), in 
cellular respiration via cytochrome C oxidase, and in reductive Fe uptake mediated by 
the fungal FET family of MCOs.  
For clarity, this discussion will focus on the intracellular Cu/Zn-Sod1p, although 
there are other fungal Cu containing SOD enzymes, such as the Cu-only SODs of 
Candida albicans (61). Fungal Cu/Zn-Sod1p is mainly found in the cytosol, although it 
also localizes to the intermembrane space of mitochondria (62) and other locations 
including the nucleus. Cu/Zn-Sod1p enzymes in fungi are used for antioxidant defense, 
cellular signaling, and in the nucleus, Sod1p can operate in transcriptional regulation 
(63-68). Superoxide anion radical is a dangerous free radical that can be generated 
largely from the mitochondrial electron transport chain, but also other locations including 
the cytosol (69-71). SOD enzymes disproportionate superoxide anion in a two-step 
reaction forming hydrogen peroxide and molecular oxygen (72): 
 Cu(II) + O2•- → Cu(I) + O2 





In the mitochondria, Cu/Zn-Sod1p is important in detoxification of superoxide (62,73-75) 
while in the cytosol, fungal Cu/Zn-Sod enzymes also participate in cellular signaling 
(67,68). One of the best studied examples of cytosolic signaling via SOD enzyme 
involves glucose signaling, where Sod1p catalysis functions in glucose control of 
mitochondrial respiration versus fermentation in yeast cells (68,76). In transcriptional 
regulation, Sod1p of S. cerevisiae can control the responses to DNA damage (66) and 
regulation of Cu uptake genes (77). 
In addition to SOD1, another Cu-dependent process in the cell involves oxygen 
consumption through mitochondria respiration. Complex IV of the electron transport 
chain (ETC), cytochrome C oxidase, is a heme and Cu-containing oxidase protein 
consisting of 11 subunits (78). Complex IV driven oxidative phosphorylation is the 
mechanism by which cells produce the majority of their ATP (79). A number of 
pathogenic fungi require ETC function for full virulence, including C. albicans and 
Aspergillus fumigatus (80,81).  
Fungi also make use of MCOs for a number of biochemical processes. As is the 
case with the mammalian MCO ceruloplasmin, all fungal MCOs acquire their Cu co-
factor as they transit the secretory pathway. One example of a fungal MCO is laccase of 
the fungal pathogen Cryptococcus neoformans that is used to produce melanin for its 
protective capsule (described in more detail below). The best studied MCO among fungi 
are the large family of FETs, that are used for reductive Fe transport. Ionic Fe transport 
in fungi is driven by the Fe permease Ftr1p as part of the reductive Fe pathway. This 
pathway involves three key proteins membrane-bound proteins: a ferric reductase, a 
FET ferrous oxidase, and an ionic Fe permease. Fe is first reduced from Fe(III) to Fe(II) 
by a ferric reductase of the FRE family (82). Next, Fe is oxidized by the FET enzyme, 
analogous to the MCO ceruloplasmin in mammals (83,84). The reason for the FET 





oxidized to prevent the spontaneous generation of free radicals by Fe(II) (85,86). This 
Fe(III) generated by FET is transported by the Fe permease Ftr1p into the cytosol (87).  
 
Fungal Cu sensing Transcription factors 
Due to their heavy reliance on cuproenzymes as well as the potentially toxic 
nature of Cu, fungi must be able to sense and adapt to changes in their surrounding 
environmental Cu status. Fungi use Cu-sensing transcription factors to modulate Cu 
homeostasis and the mechanisms of fungal Cu-sensing can be best understood with the 
baker’s yeast Saccharomyces cerevisiae. S. cerevisiae has two Cu-binding transcription 
factors that control Cu homeostasis: Ace1p and Mac1p (88). Ace1p senses elevated Cu 
concentrations and upregulates Cu detoxification machinery, namely Cu-binding 
metallothioneins (89,90). Low Cu is sensed by the Cu-binding transcription factor Mac1p 
(91). Mac1p is a nuclear protein that can bind DNA with an N-terminal DNA binding 
domain. Mac1p has two main metal binding regions: two Zn sites within the DNA binding 
N-terminal 159 residues, and Cu-binding regions at two cystine rich regions of the C 
terminus (residues 252-341) (92,93). The Cu-binding regions of S. cerevisiae Mac1p are 
composed of two repeats of Cys-X-Cys-X4-Cys-X-Cys-X2-Cys-X2-His (the downstream 
repeat contains an additional Cys-X-Cys motif ) (93). Cu(I) binds to Mac1p with an 8 to 1 
stoichiometry, which triggers an intramolecular interaction between the C-terminus and 
the N-terminal DNA binding domain (93). This interaction inhibits the Mac1p 
transactivation domain located within the Cu-binding sequences (88,94) and also results 
in Mac1p dissociation from DNA (88). Under Cu deplete conditions when Mac1p does 
not bind Cu, Mac1p binds its consensus sequences and upregulates transcription of the 
high affinity Cu-transporters CTR1 and CTR3 as well as the cupric reductases FRE1 and 





transport the reduced Cu(I) form of Cu and the cupric reductase facilitates Cu uptake by 
Ctr1p by converting extracellular Cu(II) to Cu(I). The cupric reductases for fungi are 
members of the same family of FRE oxidoreductases that reduce ferric Fe for Fe 
transport as described above. Other than CTR1 and FRE cupric reductases, no other 
targets of Mac1p control have been identified for the simple bakers’ yeast. Overall, 
Mac1p in the non-pathogenic yeast S. cerevisiae appears to have evolved for the sole 
purpose of increasing Cu uptake when extracellular Cu is low. 
 
Cu homeostasis in fungal pathogens: Cryptococcus neoformans and Aspergillus 
fumigatus 
Compared to S. cerevisiae, transcriptional regulation of Cu homeostasis in fungal 
pathogens seems to have diverged in two directions. Some pathogenic fungi use a 
single Cu-responsive transcription factor, Cuf1p, which bears homology to both S. 
cerevisiae Ace1p and Mac1 while others are more like S. cerevisiae and have two 
distinct transcription factors.  
Cryptococcus neoformans is a major fungal pathogen that infects an estimated 
220,000 people a year (97). It is an environmental fungus that can infect through 
inhalation. Cryptococcus initially infects the lung but can disseminate to other areas of 
the body (98). While cases of infection are rare in healthy people, C. neoformans has a 
high mortality rate in individuals with compromised immune systems (99,100). C. 
neoformans is famous for its capsule which is a polysaccharide barrier and melanin, a 
compound that is synthesized by the MCO laccase as mentioned above (101,102). 
C. neoformans senses Cu via the Cuf1p transcription factor (103). As the sole 
Cu-responsive transcription factor in C. neoformans, it manages both Cu toxicity and Cu 





CMT1/CMT2, while under Cu starvation it induces Cu-uptake transporters CTR1/CTR4 
(104,105). Similar to S. cerevisiae Mac1p, Cuf1 induces transcription of the CTR family 
of genes of C. neoformans as well as the cupric reductase FRE7 (105). Because Cuf1p 
is governing Cu homeostasis during conditions of Cu toxicity and Cu starvation, cuf1Δ/Δ 
mutants are very sensitive to fluctuations in Cu (104). These dual roles of Cuf1p in both 
protecting against Cu toxicity and in the adaptation to low Cu are born out during 
pathogenesis of the fungus as it infects the animal host. 
C. neoformans initially infects the lungs, where host Cu levels are high and Cu 
detoxification machinery like the metallothioneins CMT1/CMT2 are vital for virulence 
(106). Here in the lung, Cuf1p plays a critical role in C. neoformans protection against 
the Cu-burst of pulmonary macrophages by inducing these metallothionein genes. At 
later stages of infection, C. neoformans disseminates to the brain to cause 
meningoencephalitis (107). In the brain C. neoformans experiences a Cu limiting 
environment and C. neoformans using Cuf1p to upregulate the Cu-transporter CTR4 
(47,48,50). In patients, CTR4 induction has been observed during neurologic infection 
and high CTR4 expression levels are associated with dissemination to the CNS by C. 
neoformans (47). 
Aspergillus species are a major public health concern. In 2014 alone, there were 
15,000 aspergillosis-associated hospitalization in the United States (108). Aspergillus. 
fumigatus accounts for ~90% of infections by Aspergillus species in humans (109). A. 
fumigatus is an environmental fungus that can become an opportunistic pathogen under 
certain circumstances, namely immunosuppression (109). Like C. neoformans, A. 
fumigatus can be inhaled into the lungs, which are the primary site of infection. A. 
fumigatus has retained the Ace1/Mac1 system as two separate proteins. Ace1p induces 
transcription of metallothioneins when Cu is high and when Cu is low, Mac1p induces 





reductase FetDp (110-112). Unlike S. cerevisiae, A. fumigatus Mac1p also regulates Fe 
uptake independently of Cu and binds a unique consensus site found in the promoters of 
Fe uptake genes such as the siderophore genes SIDA, and SIDD (113). A. fumigatus 
afmac1 mutants have a large virulence defect in mice in an intranasal injection model 
and are more susceptible to killing by both neutrophils and macrophages (45). It is not 
clear whether the role of AfMac1 in virulence here is due to host-impose Cu or Fe 
starvation in that AfMac1 regulates the uptake of both metals (113).  
 
Cu homeostasis in Candida albicans 
Candida species are a major public health concern and this thesis focuses on 
specifically on Candida albicans (Chapters 3 and 4). C. albicans is a polymorphic yeast 
which is normally found as a harmless commensal species of the human flora. C. 
albicans can typically be found in the gastrointestinal tract, oral cavity, and vagina. 
Disruption of the local flora or immune system can allow C. albicans to disseminate to 
internal tissues. C. albicans causes infections such as thrush in the mouth and throat, 
and vaginal yeast infection. Typically, these conditions are not life threatening. However, 
if the epithelial integrity is compromised or when the immune system is suppressed, C. 
albicans can enter the blood stream and disseminate to other organs including the lung, 
gastrointestinal tract, kidney, liver and spleen (114,115). The CDC estimates that 
~25,000 cases of invasive candidiasis occur each year in the USA and of these, 
infection with C. albicans accounts for ~1/3 the cases (116-118). These infections are 
very dangerous and have an associated mortality rate of ~20% (119).  
Like other fungi including S. cerevisiae and A. fumigatus, C. albicans has 
separate Ace1p and Mac1p regulators for adapting to high and low Cu, respectively. 





low, Cu is sensed in C. albicans by Mac1p that upregulates CTR1 and FRE7 (120,121) 
(Fig. 1-2). C. albicans Mac1p has evolved to also self-regulate MAC1, as well as AOX2 
encoding an anti-oxidant enzyme in the mitochondria that prevents superoxide formation 
by the electron transport chain (121,122)(Fig. 1-2). Induction of all four genes involves 
Mac1p binding consensus sequences in the upstream promoter regions under Cu 
starvation conditions. In addition to these four targets, the Culotta laboratory discovered 
in 2015 that C. albicans Mac1p regulates superoxide dismutases, including the above 
mentioned Cu/Zn-Sod1p and a novel cytosolic version of a Mn containing SOD3 (43). In 
Candida, Cu/Zn-Sod1p is found in the cytosol and in the intermembrane space (IMS) of 
mitochondria (123,124). Mac1p down regulates Cu/Zn-Sod1p during Cu limitation and 
this involves a Mac1p binding sequence in an intron downstream of the transcriptional 
start site (43). This was the first evidence that Mac1p could act as a transcriptional 
repressor. Subsequently, SOD1 was also found to be a target of repression by C. 
neoformans Cuf1p, indicating that the repression of Cu/Zn-Sod1p during Cu starvation 
may be widespread in fungi (105). The second SOD encoding target of Mac1p in C. 
albicans is a highly unusual Mn-containing cytosolic SOD3. In all other eukaryotes Mn-
containing SODs are typically restricted to the mitochondrial matrix, not cytosolic (125). 
C. albicans has both types of Mn-SOD, and only the cytosolic SOD3, but not the 
mitochondrial SOD2, is induced by Mac1p (43,126). Like CTR1, FRE7, AOX2 and 
MAC1, SOD3 is induced by Mac1p under Cu starvation conditions using consensus 
binding sequences in the upstream promoter (43). Together, the regulation of anti-
oxidants AOX2, SOD1 and SOD3 by Mac1p serve to maintain ROS homeostasis during 
Cu starvation. Mn-Sod3p is a bona fide SOD enzyme that substitutes for Cu/Zn-Sod1p in 
cytosolic signaling involving ROS, but Sod3p is not present in the mitochondria (126). 
The Mac1p induction of the alternative oxidase AOX2 serves to protect the cell from 





albicans Mac1p clearly participates in activating Cu uptake and maintaining ROS 
homeostasis during Cu limitation, is there another function? In Chapter 4 of this thesis, I 
investigate the expanded roles of C. albicans Mac1p in metal homeostasis. 
 
C. albicans initially faces Cu toxicity and then Cu starvation in the murine kidney 
 One of the best studied models for C. albicans infection involves the murine 
model of disseminated candidasis where the kidney is the organ with the highest fungal 
burden. In this tissue, it has been observed that Cu levels change dynamically 
(30,43,46,127). Initially kidney Cu is elevated and C. albicans activates its Cu 
detoxification machinery involving Ace1p (43,46). X-ray fluorescence microscopy data 
show elevation of Cu in the renal cortex after 24 hours of infection and the same has 
been shown for total Cu measurements by atomic absorption spectroscopy (30,43,46). 
The changes in kidney Cu coincide with elevated SOD1 and the Cu exporter CRP1 
expression, showing that the yeast is responding to the high Cu levels (30,43,46). Later 
in infection, however, kidney Cu levels decline and the yeast responds by activating its 
Cu starvation response: namely transcription of CTR1 and SOD3, and down regulation 
of SOD1 (30,43,46).  
The mechanism by which kidney responds to infection through such dynamics in 
Cu levels was unknown. Possibilities include the Cu exporter ATP7B and ceruloplasmin 
were both shown to be upregulated in infected kidneys, either of which could explain 
kidney Cu loss (46). Furthermore, a dramatic increase in serum Cu coincided with 
kidney Cu loss (43). Could the loss in kidney Cu be related to this rise in kidney Cu and 
what was the mechanism for the elevated Cu in serum? Prior to this work, the role of 
ATP7B and ceruloplasmin in the kidney was unclear and it was also unclear if the rise in 
serum Cu had a connection to kidney Cu loss. The connection and relevance of these 





Regardless of how the host is modulating the kidney, it is clear that C. albicans is 
able to sense and adapt to the changing Cu environment. The ability of C. albicans to 
respond to both the initial high Cu state and the subsequent low Cu state of the kidney 
are important for fungal fitness, since mutations in genes encoding the Cu exporter 
Crp1p and Cu importer Ctr1p lead to decreased CFUs in the kidney during this mouse 
model for disseminated candidiasis (46). Prior to this thesis, the role of Cu sensing via 
Mac1p during fungal infection was unknown. In Chapter 4 of this thesis we investigate 
the importance of C. albicans Mac1p during fungal invasion of the kidney during 
disseminated candidiasis.  
 
Overview of thesis work 
The work described in this thesis centers on the role of transition metals at the 
host-pathogen interface. Chapter 2 focuses on the role of the metal binding host immune 
protein calprotectin during infection with the Lyme disease pathogen Borrelia burgorferi. 
We characterized the presence of calprotectin positive cells around the sites of B. 
burgdorferi infection in skin biopsies of Lyme disease patients. We found that the 
majority of calprotectin is found in the keratinocytes of the epidermis. In the dermis, a 
significant fraction of CD68+ macrophages were also positive for calprotectin. Our data 
highlight the prevalence of non-neutrophil sources of calprotectin during B. burgdorferi 
infection. We further go on to show using in vitro cultures that unlike with other microbial 
pathogens from bacteria to fungi, calprotectin mediated toxicity to B. burgdorferi is 
independent of metal withholding and involves a direct physical interaction. 
Chapter 3 investigates host changes in Cu homeostasis during infection with C. 
albicans. We determined that the rise of serum Cu during C. albicans infection is 
attributable to liver produced ceruloplasmin. Furthermore, we show that the transporter 





unknown whether the kidney Cu loss phenomenon was due to local invasion of the 
tissue by the fungus. We found instead that this Cu loss in the kidney is a global 
response to infection and also occurs with the intravascular malaria parasite 
Plasmodium berghei. 
In the final research chapter (Chapter 4) of this thesis we switch from the host to 
the fungal pathogen and investigate the role of Cu-sensing transcription factor Mac1p in 
C. albicans. We found that Mac1p is an important virulence factor in this disseminated 
model of candidiasis. We show that mac1∆/∆ mutants of C. albicans are deficient in both 
mitochondrial respiration and in Fe accumulation and that these deficiencies are not due 
to impaired Cu uptake alone, but rather defects in Cu allocation. This work highlights the 
need of C. albicans to maintain high cellular respiration and shows the great lengths 
Candida will go to spare Cu for it. Taken together, this work highlights the defense 
mechanisms of the host and the clever adaptations that C. albicans uses to thwart host-











 Figure 1-1 Mammalian Fe homeostasis during infection and inflammation. Under basal 
conditions, ferroportin (FPN) exports Fe(II) from a number of different cell types including 
macrophages, Kupffer cells, and enterocytes (128). This Fe is oxidized by ceruloplasmin 
(CP) to promote loading onto transferrin (TFN) (8,129,130). When the acute phase 
response is triggered, the small peptide hormone hepcidin is secreted from the liver 
(12,13). It binds to FPN leading to its internalization and subsequent degradation (15). 











 Figure 1-2 Candida albicans Mac1p Cu regulon. During Cu limitation, Mac1p 


























Antimicrobial action of calprotectin that does not 
involve metal withholding 
This chapter was published in Metallomics (2018, Dec 12;10(12): 1728-1742) and is 
reproduced here with copyright permission from the Royal Society of Chemistry. Ed 
Culbertson and Angelique Besold are co-first authors on this work. Ed Culbertson 














Calprotectin is a potent antimicrobial that inhibits the growth of pathogens by 
tightly binding transition metals such as Mn and Zn, thereby preventing their uptake and 
utilization by invading microbes. At sites of infection, calprotectin is abundantly released 
from neutrophils, but calprotectin is also present in non-neutrophil cell types that may 
be relevant to infections. We show here that in patients infected with the Lyme disease 
pathogen Borreliella (Borrelia) burgdorferi, calprotectin is produced in neutrophil-free 
regions of the skin, in both epidermal keratinocytes and in immune cells infiltrating the 
dermis, including CD68 positive macrophages. In culture, B. burgdorferi’s growth is 
inhibited by calprotectin, but surprisingly, the mechanism does not involve the classical 
withholding of metal nutrients. B. burgdorferi cells exposed to calprotectin cease growth 
with no reduction in intracellular Mn and no loss in activity of Mn enzymes including the 
SodA superoxide dismutase. Additionally, there is no obvious loss in intracellular Zn. 
Rather than metal depletion, we find that calprotectin inhibits B. burgdorferi growth 
through a mechanism that requires physical association of calprotectin with the bacteria. 
By comparison, calprotectin inhibited E. coli growth without physically interacting with the 
microbe, and calprotectin effectively depleted E. coli of intracellular Mn and Zn. Our 
studies with B. burgdorferi demonstrate that the antimicrobial capacity of calprotectin is 










Transition metals such as Mn, Zn, Cu and Fe are essential micronutrients 
for virtually all living organisms, yet these same elements are potentially toxic. 
During infection, the host exploits this double-edged sword as part of the immune 
response against invading pathogens. The host may either attack pathogens with 
high/toxic levels of metals or starve the invading microbe of metal micronutrients 
through a process called nutritional immunity (1,2,131). One of the best studied 
examples of nutritional immunity involves calprotectin, a member of the S100 
family of proteins (2). Calprotectin consists of a heterodimer of S100A8 and 
S100A9 proteins and has been shown to form higher order oligomers in the 
presence of Zn or excess calcium (132-135). Each heterodimer binds transition 
metals with high affinity through two distinct metal coordinating sites at the dimer 
interface (1,2,136,137). Site 1 consists of six histidine residues (two from S100A8 
and four from S100A9), while site 2 consists of two histidine residues from 
S100A8 and a histidine and aspartate from S100A9. Both sites have been shown 
to tightly bind Zn with affinities ranging from low nanomolar to sub-picomolar 
(26,138-140). Unlike Zn, Mn only binds site 1 with high affinity (sub-nanomolar to 
low nanomolar range) (138,139,141,142); the relatively poor binding of Mn to site 
2 (micromolar range) is not likely to contribute to Mn sequestration (138,141). 
Both sites are reported to bind other transition metals including Cu, Fe and Ni 
(30,143,144). Calprotectin is an abundant component of neutrophils that is 





high affinity for transition metals, calprotectin can effectively deplete the 
extracellular environment of metals such as Mn and Zn, thereby starving 
neighboring microbes of these metal nutrients (1,2). Calprotectin has been 
reported to act as an antimicrobial for numerous bacteria 
(26,29,131,139,143,146-150) and the mechanism has been widely ascribed to 
the withholding of metal nutrients (26,27,29,131,138,139,143,147,148,151-155).  
As with many bacterial microbes, the Lyme disease (LD) pathogen 
Borrelia burgdorferi (Bb) is susceptible to growth inhibition by calprotectin in vitro 
(146,156). Bb represents a particularly interesting case of metals in biology in 
that the organism has uniquely evolved with no known requirement for Fe 
(157,158). Additionally, there is no known nutritional requirement for Cu, although 
the spirochete has evolved methods to detoxify the metal (159). Bb can 
accumulate high levels of Mn through at least two Mn uptake systems(160,161), 
and Mn acquisition is essential for pathogenesis (161). This high Mn is required 
to activate a Mn containing SodA superoxide dismutase (158,162,163) essential 
for virulence (164). Aside from Mn, Bb requires Zn to activate numerous Zn 
metalloenzymes (165-168) and the spirochete is capable of maintaining constant 
Zn levels despite fluctuations in environmental Zn (169). Based on Bb’s 
dependence on Mn and Zn micronutrients, it is possible that withholding of one or 
both metals accounts for this anti-Borrelia activity of calprotectin, although this 
has never been directly tested.  
As mentioned above, neutrophils are believed to be the primary source of 





play a significant role in the inflammatory response of persistent infections, 
particularly in joints and synovial fluid (146,156). However, the predominant 
target of Bb infections in both early and early disseminated stages of disease is 
the skin, classically presenting as the erythema migrans (EM) rash at the site of 
the tick bite, as well as multiple EM as a result of hematogenous dissemination of 
the spirochete. These rashes show little or no infiltration with neutrophils 
(170,171). However, in a transcriptome study, S100A8 and S100A9 were 
significantly upregulated in EM lesions (172). Moreover, the skin is known to 
produce many S100 family members including S100A7, S100A12, S100A8 and 
S100A9, and calprotectin is known to be secreted by keratinocytes (22,173-178). 
Herein, we use a combination of human tissue analyses and microbiology 
to explore the connection between calprotectin and Bb. We provide evidence for 
a non-neutrophil origin of calprotectin relevant to LD. Specifically, calprotectin is 
widely apparent in the EM rashes of LD patients in both the epidermal and 
dermal layers of the skin. In our in vitro studies, calprotectin exhibits potent anti-
Borrelia activity in laboratory cultures, but growth inhibition occurs in the absence 
of any detectable metal withholding. Calprotectin inhibits Bb growth at relatively 
low doses that are ineffective in withholding either Mn or Zn micronutrients from 
the spirochete. Our findings support a model in which toxicity results from 
physical interactions between calprotectin and the spirochete, associated with an 







Non-neutrophil origins of calprotectin at sites of Bb infection 
 In cases where calprotectin is reported to withhold metals from microbes, the 
host cell source is largely believed to be neutrophils (29,138,147,179). However, the 
primary site of infection with Bb, namely the EM rash in the skin, appears devoid of 
these immune cells (170,171). To determine if Bb may be exposed to non-neutrophil 
sources of calprotectin in the skin, we analyzed sections of skin biopsies taken from the 
site of EM rashes from Lyme disease (LD) patients in comparison to the skin of control 
patients (non-LD surgical controls). As seen in the immunofluorescent microscopy 
images of skin in Fig. S2-1 (ESI†) and in the enlarged images of Fig. 2-1, variable 
staining with a S100A8 antibody was seen in individual cells of the epidermis (defined by 
DAPI staining), where one LD patient (patient C) had particularly high epidermal 
S100A8. Upon quantification of multiple images, there was no major difference between 
S100A8 positive epidermal cells in the EM rash of LD patients versus the skin of controls 
(Fig. 2-2A). Bb is known to colonize the dermal layer of skin (180), and we observed 
punctate staining of S100A8 in specific dermal cells of all three patients (Fig. 2-1). This 
precise pattern of punctate dermal staining for CP has been previously noted in cases of 
skin inflammation and wound healing (175,181-183). Upon quantification, the total 
number of S100A8 positive cells in the dermal layer varied among the individuals (Fig. 2-
2B), although there was a trend towards increased S100A8 positive cells in the skin of 
LD patients compared to controls (see legend to Fig. 2-2B).  
The epidermal staining of S100A8 is likely keratinocytes, which comprise 
approximately 95% of cells within the epidermis (184), and these cells are well known to 
produce and secrete calprotectin(173,174,185). By contrast, the nature of the dermal 





but is marked with infiltrating lymphocytes and occasional macrophages (187). 
Macrophages can produce calprotectin (1,188-190), and in other reports of inflammation 
(non-LD), CD68 positive macrophages and CD8 positive lymphocytes have been shown 
to express calprotectin (190,191). We observed both of these immune cell markers in 
the dermis of LD patients (Figs. 2-3 and 2-4 and Tables 2-1 and 2-2). In double labeling 
studies, the LD patient with the lowest dermal S100A8 (patient A) showed negligible co-
localization of S100A8 with either CD8 or CD68 markers (Figs. 2-3 and 2-4; Tables 2-1 
and 2-2). By comparison, the two patients with high dermal S100A8 (patients B and C) 
showed marked (25-40%) co-localization of S100A8 with the macrophage CD68 marker 
(Fig. 2-4 and Table 2-2). There was also some co-localization of S100A8 with CD8, but 
the cells numbers were comparatively low and restricted to patient B (Fig. 2-3 and Table 
2-1). It is important to note that a fraction of S100A8 positive cells were neither positive 
for CD68 nor CD8 and analysis of other immune markers such as CD163 proved 
negative (Fig. S2-2). Additional cell types currently of unknown nature must contribute to 
calprotectin in the infected dermis (see Discussion). Regardless of the nature of these 
cells, our studies demonstrate that calprotectin can exist at sites of primary Bb infection 
in the skin, even in the absence of neutrophils, providing evidence that calprotectin may 
be important for fighting Bb at the site of infection. 
 
Calprotectin effects on Bb growth in culture and Bb metals 
We next addressed how calprotectin impacts Bb growth and metal homeostasis using 
laboratory cultures of the spirochete and recombinant human calprotectin. Growth of Bb 
in laboratory cultures requires a specialized medium (BSK II) rich in rabbit serum and 
albumin, whereby the spirochete grows optimally between 30oC – 37oC and doubles 





is strongly inhibited by CP at concentrations greater than 100 µg/mL (Fig. 2-5A). These 
levels of CP are significantly lower than what has been reported for several other 
bacteria grown in different media including Helicobacter pylori (153), Staphylococcus sp, 
Pseudomonas aeruginosa and Escherichia coli.(139), but within the range for other 
organisms including Listeria monocytogenes, Streptococcus mutans (155) and Candida 
albicans(194). To determine if the BSK II medium affects the bioactive dose of 
calprotectin, E. coli susceptibility to calprotectin was examined in this serum rich 
medium. As seen in Fig. 2-5B, growth of E. coli grown in BSK II is inhibited by >0.5 
mg/mL calprotectin, nearly five times the toxic dose of calprotectin for Bb grown in BSK 
II (Fig. 2-5A). Thus, Bb seems to have a particularly high sensitivity to growth inhibition 
by calprotectin, at least compared to E. coli. 
calprotectin can sequester transition metals using two high affinity metal binding 
sites and we tested whether this metal binding property was important for the Bb growth 
inhibition observed. To accomplish this, we used a mutant of calprotectin, termed 
∆S1∆S2, that lacks transition metal binding capabilities. Specifically, four of the six metal 
coordinating histidines of site 1 were mutated to asparagine and the three histidines and 
single aspartic acid of metal binding site 2 were mutated to asparagine and serine, 
respectively (139). As seen in Fig. 2-6A, this ∆S1∆S2 calprotectin mutant showed no 
toxicity to Bb. Additionally, we examined the effects of individual mutations at site 1 
versus site 2 and find that calprotectin toxicity was also greatly reversed with ∆S2 
calprotectin mutated at site 2 (Fig. 2-6B). By comparison, ∆S1 calprotectin defective in 
site 1 effectively attenuated Bb growth at 125 µg/mL, similar to WT calprotectin (Fig. 2-
6B), although ∆S1 calprotectin did show some loss of toxicity at the lower dose of 80 
µg/mL. Thus, of the two metal binding sites, site 2 appears most critical for inhibiting Bb 





Mn binds to calprotectin specifically through site 1 and since the ∆S1 mutant is 
still toxic to Bb, this suggests that calprotectin does not inhibit the growth of Bb by 
withholding Mn. To investigate this, we examined total Mn levels in Bb by ICP-MS. As 
seen in Fig. 2-7A, there was no decrease in Mn in Bb cells cultured at the mean 
inhibitory concentration of calprotectin (80 µg/mL). If anything, Mn levels rose (Fig. 2-
7A). We also examined activity of the Mn dependent superoxide dismutase SodA, a 
biomarker of intracellular Mn in Bb.(158,162,164) Although the equivalent SodA in 
Staphylococcus aureus is inactivated by calprotectin in culture (138,152), we observed 
no such inhibition of SodA in Bb when cells were cultured (Fig. 2-7B). Altogether, the 
findings of Fig. 2-6B, 2-7A and 2-7B demonstrate that calprotectin inhibits Bb growth 
without withholding Mn from the bacteria. 
In complex growth media such as BSK II, the binding of metals to calprotectin is 
affected by the relative bioavailability of the transition metals Mn, Zn, Cu and Fe. As 
seen in Table S2-1, and consistent with previous findings(169), BSK II media contains 
Mn and Zn levels that approximate that of the TSB-based medium employed in earlier 
studies involving CP (26,27,139,143). However, Fe and Cu are higher in BSK II, with 
contributions from serum (e.g., heme, ferritin, transferrin and cupro-ceruloplasmin) and 
albumin(195-197). It was therefore possible that the lack of Mn withholding by 
calprotectin was due to poor availability of Mn compared to these other metals. To 
address this possibility, we used E. coli as an indirect approach to monitoring 
calprotectin sequestration of metals from BSK II. E. coli is reportedly susceptible to metal 
withholding by calprotectin (27,139,143), and any loss in E. coli Mn would be indicative 
of calprotectin binding to Mn in BSK II. As seen in Fig. 2-7C, calprotectin treatment of E. 
coli resulted in a pronounced decrease in intracellular Mn, at both the 80 µg/mL mean 





inhibitory dose for E. coli. This lowering of intracellular Mn in E. coli impacted Mn 
availability for SOD enzymes. Like Bb, E. coli expresses a Mn dependent SodA in 
addition to an Fe containing SodB. These SODs can be discerned by differential 
sensitivity towards H2O2 inactivation (Fig. 2-7D)(158). As seen in Fig. 2-7E, the activity of 
the Mn requiring SodA was greatly attenuated in BSK II cultures treated with 
calprotectin, even at the 80 µg/mL dose, which has no effect on the activity of Bb SodA 
(Fig. 2-7B). In spite of potentially competing Fe, Cu and Zn ions, calprotectin has the 
capacity to sequester Mn in BSK II medium. However, Bb seems refractory to this Mn 
sequestration by calprotectin.  
Rather than Mn, calprotectin may withhold Zn from Bb. In fact, Montgomery and 
colleagues reported reversal of calprotectin toxicity in Bb cultures treated with 3 µM Zn, 
suggestive of Zn withholding (146). However, we failed to observe any reversal of 
calprotectin toxicity with similar Zn supplements (Fig. S2-3A) and Zn supplements up to 
25 µM (BSK II has ≈3 µM Zn, Table S2-1) did not change the mean inhibitory 
concentration of calprotectin towards Bb (Fig. S2-3B). To directly test whether 
calprotectin withholds Zn from Bb, we measured total Zn in the spirochete by ICP-MS. 
As seen in Fig. 2-8A, there was no diminution in Zn in Bb when cultured with the mean 
inhibitory dose of calprotectin. In fact, Zn levels dramatically rose >10 fold. A similar rise 
was seen with Cu, while Fe levels were below limits of detection with or without 
calprotectin treatment (Fig. S2-4A). By comparison, E. coli cultured at its mean inhibitory 
dose of 350 µg/mL calprotectin exhibited a striking decrease in intracellular Zn (Fig. 2-
8B). At the lower 80 µg/mL dose of calprotectin that is non-toxic to E. coli, there was no 
withholding of Zn and, if anything, Zn levels slightly rose, although this was minor 
(≈50%) (Fig 2-8B). The growth inhibition of E. coli by high levels of calprotectin (350 





we observed withholding of E. coli Fe and Cu micronutrients at this mean inhibitory 
concentration of calprotectin (Fig. S2-4B,C) and a decrease in Fe-SodB activity (Fig 2-
7E). This loss of Fe and Cu micronutrients for E. coli may also contribute to the growth 
inhibition. Compared to these effects on E. coli, calprotectin inhibits Bb growth at lower 
doses and in the absence of any obvious withholding of the metal nutrients for Bb, Mn 
and Zn.  
 
Calprotectin interactions with Bb 
In cases where calprotectin withholds metals from microbes, metal depletion can 
be accomplished without physically contacting the organism, examples including S. 
aureus, Streptococcus pyogenes, Streptococcus pneumoniae and the fungal pathogen 
C. albicans (29,149,198). Calprotectin simply acts by modifying the extracellular 
environment through metal sequestration. However, there are rare reports of calprotectin 
directly interacting with microbes, e.g., Neisseria species and Finegoldia magna 
(149,199,200). We investigated whether the same is true for Bb. As seen in Fig. 2-7B, 
bottom panel, a doublet protein of ≈11-13 kDa was evident in whole cell lysates of 
calprotectin treated Bb cells, but not in lysates from control untreated Bb. Upon closer 
inspection, this doublet was seen to co-migrate with S100A8 (10.8 kDa) and S100A9 
(13.2 kDa) subunits of calprotectin (Fig. 2-9A, left panel), and the 13 kDa species cross-
reacted with an anti-S100A9 antibody on immunoblots (Fig. 2-9A, right panel). The 
appearance of calprotectin in whole cell lysates of Bb did not reflect non-specific 
precipitation or aggregation of the protein, as calprotectin was retained following 
extensive washing of Bb cells and required the presence of Bb cells. As seen in Fig. 2-





medium, despite higher levels of calprotectin used to treat E. coli (350 µg/mL) versus Bb 
(80 µg/mL).  
We next tested whether calprotectin association with Bb required transition metal 
binding sites 1 and/or 2. As seen in Fig. 2-9C top and middle panels, the ∆S2 and 
∆S1∆S2 mutants of calprotectin were absent in lysates of Bb, despite equivalent 
amounts of calprotectin protein added to the culture (Fig. 2-9C bottom).  The only 
calprotectin mutant recovered in Bb cell lysates was ∆S1 calprotectin, although the level 
of calprotectin recovered with the ∆S1 mutant was less than that of WT calprotectin. 
Together these results demonstrate that calprotectin interactions with Bb relies heavily 
on site 2, and to a lesser extent, on site 1. It is noteworthy that these results completely 
parallel findings with calprotectin toxicity where growth inhibition is strongly dependent 
on site 2, and partly dependent on site 1 (Fig. 2-6B). Thus, toxicity against Bb is 
dependent on the ability of calprotectin to physically associate with the spirochete. 
 
Microscopy analyses of intracellular Zn and Bb morphology with calprotectin 
treatment  
Since calprotectin is abundantly recovered with Bb, it was possible that the 
aforementioned elevation in Bb Zn (Fig. 2-8A) could be attributable to Zn bound to 
calprotectin. In fact, we observed a near stoichiometric ratio of Bb-associated 
calprotectin versus the rise in Bb-associated Zn (e.g., 30 nmoles CP/109 cells versus 32 
nmoles Zn/109 cells, see Experimental). If the Zn measured by ICP-MS is largely bound 
to calprotectin, it remained possible that calprotectin was in fact depleting Zn 
bioavailability inside Bb cells. To address this, we employed the fluorescent Zn probe 





Bb (165). Zinquin has an affinity constant for Zn in the nanomolar range and is believed 
to report on loosely bound or accessible Zn pools(201,202). To validate zinquin as a 
reporter for Bb Zn, we used the metal chelator TPEN (N,N,N’,N’-tetrakis(2-pyridylmethyl 
ethylenediamine), which has an affinity constant for Zn in the femtomolar range (203). 
Bb cells were grown with relatively non-toxic levels of 3 µM TPEN (Fig. S2-5) followed by 
staining with zinquin and the PKH red dye for whole cell membranes. As seen in Fig. 2-
10A, zinquin fluorescence in Bb was greatly diminished in TPEN cultured cells. By 
comparison, there was no detectable loss in zinquin fluorescence in cells cultured at the 
mean inhibitory dose of calprotectin (Fig. 2-10B). This finding supports the notion that 
calprotectin inhibits Bb growth through a mechanism that does not involve Zn starvation.  
How can the growth of Bb be inhibited? Several agents that inhibit Bb growth, 
such as certain antibiotics or other stress conditions, can induce the morphological cyst-
like states known as ‘round bodies” or ‘blebs’ (204-207). The round body consists of a 
spherical membrane-bound structure, while a bleb, which may be an intermediate 
between the spirochete and round body, consists of a short spirochete with a terminal 
rounded structure (207). These cyst forms have decreased metabolic activity, potentially 
as a means to enhance survival, but have the ability to revert to the spirochete in the 
absence of the stressor(205,207). We observed that when growth was inhibited by 
calprotectin, Bb retained its characteristic spiral spirochete conformation (Fig. 2-10B and 
2-11A left) by dark field microscopy. However, upon immediate dilution by 10-fold in 
water, calprotectin treated cells rapidly converted into blebs, as well as occasional round 
bodies (Fig. 2-11A right, 2-11B). The control cells not treated with calprotectin remained 
in the elongated spiral spirochete conformation under the same short exposures to 
hypotonic conditions (Fig. 2-11), consistent with findings by Alban et al.(205). Rapid 





not with cells diluted in phosphate buffer saline (Fig. S2-6). We conclude that 
calprotectin interactions with Bb affects the spirochete in a manner that increases 
sensitivity towards hypotonic stress (see Discussion). 
Altogether, the in vitro culture studies demonstrate that calprotectin inhibits Bb 
growth through a mechanism that does not involve the traditional withholding of Mn and 
Zn micronutrients as has been described for other microbes. Instead, calprotectin 
physically interacts with the Bb spirochete and results in an increased propensity for Bb 
cyst formation.  
 
Discussion 
The canonical mode of action of calprotectin in fighting pathogens involves 
withholding essential metal micronutrients. In the case of Bb, calprotectin exerts its 
antimicrobial effects without starving the pathogen of Zn and/or Mn micronutrients. Here 
we provide an example of where calprotectin inhibits bacterial growth without any 
obvious effects on metal accumulation. In fact, Bb appears to be particularly resilient to 
the Mn withholding effects of CP, at least compared to E. coli examined under parallel 
conditions. Bb expresses at least two Mn uptake systems (160,161) and is capable of 
accumulating high levels of Mn that are needed to support SodA activity (158,162). The 
low level of calprotectin that inhibits Bb growth may not adequately compete with the Bb 
uptake systems for accumulating Mn, even though this level of calprotectin effectively 
competes with the Mn uptake systems of E. coli. Like Bb, Salmonella and S. aureus 
have been shown to be resistant to calprotectin mediated Mn depletion through the use 
of strong Mn uptake systems (151,179). Bb may use potent metal uptake systems for 





 Typically, calprotectin acts at a distance to deplete extracellular metals, but the 
anti-Bb activity of calprotectin involves the direct association of the protein with the 
bacteria. Examples of calprotectin directly interacting with bacterial microbes are rare. In 
certain strains of the bacterial pathogen Finegoldia magna, calprotectin binds to a 
surface protein called protein L that protects the cell from the anti-microbial effects of 
calprotectin. In F. magna strains that lack protein L, calprotectin associates with the 
membrane and causes cell wall/membrane disintegration (149). Interestingly, Neisseria 
sp bind metal bound calprotectin through the CpbA receptor and use this calprotectin as 
a nutrient Zn source (199,200). Bb does not express orthologues of protein L or CpbA 
and the mechanism of the CP-Bb interactions is not understood. In addition to bacteria, 
calprotectin and other S100 proteins can bind directly to certain parasitic species. 
Calprotectin has been shown to interact with the surface of adult Onchocerca volvulus 
and with Echinococcus granulosus, although it remains unclear how this affects the 
growth of the worms (208,209). In addition to calprotectin, the related Zn binding 
S100A12 protein physically interacts with both O. volvulus (210) and the nematode 
Brugia malayi (211,212). As is the case with calprotectin and Bb, S100A12 inhibits the 
growth of B. malayi without metal withholding. Rather, S100A12 binding to the parasite 
disrupts the contractile elements, affecting worm motility (211,212). Overall, these 
studies with parasitic worms and the spirochete Bb suggest that calprotectin can inhibit 
pathogen growth through mechanisms that involve physical interactions with the 
microbe, not metal withholding. In the case of Bb, our studies do not discern between 
calprotectin binding strictly to the cell surface versus calprotectin uptake into the cell. We 
consider the latter possibility unlikely as other cases of calprotectin interactions with 





How does the interaction with calprotectin inhibit Bb growth? Since growth 
inhibition tracks with an increased sensitivity towards hypotonic conditions, one 
possibility is that calprotectin may somehow affect the membrane, as evidenced by Bb 
cyst formation upon immediate dilution in water. Although such hypotonic conditions are 
not likely to be encountered in vivo, the osmotic sensitivity observed in vitro may be 
indicative of issues with membrane or osmolyte balance. Regardless of the mechanism, 
the physical association of calprotectin with Bb seems to require metals, such as Zn, Mn, 
Cu, and Fe, as intact metal binding sites are necessary for CP-Bb interactions. 
Moreover, the binding of calprotectin to Bb correlates with high levels of Zn and Cu that 
associate with the microbe, presumably reflecting Zn-CP and Cu-CP bound to Bb (Figs. 
2-8A and S2-4A). Therefore, we propose the following model: calprotectin binds to 
transition metals, helping to stabilize calprotectin and/or induce its tetramerization, as 
has been shown for Zn (132,135). Metal binding to site 2, and to a lesser extent, site 1, 
then promotes calprotectin association with Bb, although it is currently unknown if this 
association is through the cell membrane of if calprotectin is internalized. Once 
associated, calprotectin may affect the membrane in a way that inhibits microbial growth 
in the absence of metal withholding. Additional studies are required to define the role of 
each metal site in promoting calprotectin interactions with Bb as well as determine the 
molecular targets in Bb that account for calprotectin binding and growth inhibition.  
When does Bb encounter calprotectin in vivo? With persistent infections, where 
Bb accumulates in joints and synovial fluid, the spirochete is likely to encounter 
calprotectin secreted by infiltrating neutrophils (146,156).  In the skin, a primary organ of 
Bb infection, there is no infiltration of neutrophils; however, we show here that a non-
neutrophil source of calprotectin is prevalent in the EM rash. We observe cells 





producing cells of dermal layer. Keratinocytes are well known to secrete calprotectin 
(173-176) and a punctate pattern of dermal S100A8 staining has also been observed in 
other cases of skin inflammation and wound healing, although the nature of these 
specific dermal cells was unclear (175,181,183). We have identified a defined number of 
dermal calprotectin positive cells as CD68 expressing monocytes/macrophages. 
Although the level of calprotectin produced by these cells in the skin may not be as high 
as that derived from neutrophils, Bb is sensitive to much lower doses of calprotectin 
compared to other bacteria. When the antimicrobial action of calprotectin involves metal 
withholding, very high levels of calprotectin are required to deplete the extracellular 
environment of Zn and/or Mn. By comparison, much lower doses of calprotectin can 
inhibit Bb growth by physically interacting with the microbe without the need to modify 
the bioavailability of environmental metals. 
 
Conclusion 
Calprotectin is known to inhibit the growth of diverse microbial pathogens by 
withholding metal micronutrients and this mechanism of antimicrobial activity has 
become near dogmatic. Here, we provide evidence for the first time that this protein can 
inhibit bacterial growth without starving the microbe of essential metals. The capacity of 
calprotectin to act as an antimicrobial is indeed complex and depending on the microbe 





Materials and Methods 
Ethics Statement 
Individuals with EM were enrolled in prospective studies (NCT00132327 and 
NCT00028080) approved by the Institutional Review Board at the National Institute of 
Allergy and Infectious Diseases. All participants were adults (at least 18 years old) who 
provided written informed consent.  
 
Skin Biopsy Samples 
Specimens of skin from 3 patients with EM were obtained by 4-mm punch biopsy. 
Specimens were obtained from the advancing border of primary EM lesions before the 
start of antibiotic therapy. The sample for histology was placed in 4% formaldehyde, 
embedded in paraffin, and stained with hematoxylin and eosin. Control skin samples were 
obtained from surgical specimens of anonymous patients undergoing surgery for other 
purposes.  
 
Tissue slice preparation and microscopy 
Sections were deparaffinized and rehydrated using successive 5-minute washes: 
two washes of a xylene isomer mixture (Sigma Aldrich), two of 100% ethanol (EtOH), 
one of 95% EtOH, 70% EtOH, 50% EtOH, ddH2O, and 1XPBS. Slides were then placed 
in 10 mM sodium citrate (pH 6.0) in a polypropylene container and put in boiling water 
for 10 minutes. Samples were then cooled to room temperature. Slides were then rinsed 
with ddH2O and then 1X PBS for 5 minutes each. Slides were blocked in 2% Normal 
Goat Serum (G9023-10mL Sigma), 1% Bovine Serum Albumin for 30 minutes. The 





blocking buffer. Anti-CD8 antibody (M7103 Dako) was used at a dilution of 1:50 and anti-
CD68 (790-2931 Ventana) was used at a concentration of 0.4 µg/mL. A dilution of 1:50 
was used for Anti-CD163 (BM4041 Acris). Slides were incubated with primary antibody 
overnight at 4oC prior to being washed three times in 1XPBS for 10 minutes. Secondary 
antibodies goat anti-rabbit 488 (ab150077 Abcam) and goat anti-mouse 594 (ab150116 
Abcam) were applied at a dilution of 1:1000 for 1 hour at room temperature. Slides were 
then washed two times in 1XPBS for 5 minutes each before being stained with DAPI for 
5 minutes. Slides were washed once in 1XPBS for 5 minutes before being mounted on 
with a coverslip using FlourSave Reagent (Calbiochem). Images were taken on a Zeiss 
AxioObserver Z1 with Apotome microscope at 20X magnification. Larger images (Fig. 
S2-1) were imaged at 10X and stitched together. Multiple images (approximately 10) 
from a single section of each sample were analyzed for S100A8 quantification. Cell 
counts were quantified using ImageJ. For quantification, TIFF files exported from Zeiss 
ZEN software were converted to 8-bit greyscale. Contrast was enhanced 5%. Pictures 
were thresholded to 35 before the colors were adjusted to RGB and the channels were 
merged. Multiple images (approximately 10) from a single section of each sample were 
analyzed for S100A8 quantification. A one-way ANOVA with Tukey post-test was 
applied. Analysis was carried out in GraphPad Prism v5.0 Software. 
  
Bacterial strains, growth medium and growth conditions 
Bb strain 297(214) and E. coli strain DH5α were cultured in BSK II medium (pH 
7.6) containing 6% (v/v) rabbit serum (193,215). E. coli was chosen for comparative 
analyses based on its documented susceptibility towards metal withholding effects of 
CP(26,27,139,143), its well-defined Mn and Fe containing superoxide dismutase 





were supplemented with 0.05 mg/mL rifampicin, 0.1 mg/mL phosphomycin, and 5 μg/mL 
amphotericin(215), and were maintained at 34°C; growth was monitored by counting 
spirochetes under dark field microscopy (Nikon Eclipse 80i). E. coli was cultured without 
antibiotics at 37°C and growth monitored by absorbance at 600 nm.  
For calprotectin toxicity studies, triplicate 200 µl cultures of Bb were inoculated at 
1x104 cells/mL in 96-well flat-bottom plates in 80% BSK II medium with 6% rabbit 
serum/20% calprotectin buffer (20 mM Tris pH 7.5, 100 mM NaCl,10 mM BME, 3 mM 
CaCl2) containing human recombinant WT or mutant calprotectin. The metal content of 
this medium is shown in Table S2-1. Mn and Zn levels are similar to that of the Tryptic 
Soy Broth (TSB) based media previously used in studies of microbial toxicity to 
calprotectin(26,27,139,143), and the levels of calcium are sufficient to activate CP 
(26,141,143). The presence of BME does not affect cell growth in BSK II medium. Cells 
were enumerated following 6-7 days of growth. E. coli sensitivity towards calprotectin 
was tested similarly using cells inoculated at 1x107 cells/mL and grown for 5-6 hours. In 
both cases, cell reached late log phase growth following 7-9 cell doublings in the 
presence of calprotectin. Preparative Bb cultures for biochemical analyses were seeded 
at 1x105 cells/mL; calprotectin was added when cultures reached ≈5x105 cells/mL and 
growth proceeded until untreated controls reached 107-108 cells/mL. Cultures of E. coli 




All samples of recombinant WT and mutant calprotectin were prepared according 
to our standard published protocols (138,139). Bb or E. coli cells for biochemical 





respectively. Cell pellets were washed twice in either cold 1 mM Tris, 10 mM EDTA, pH 
7.8 or in Bb washing buffer (20mM HEPES, pH 7.6, 100mM NaCl, 10mM EDTA)(157) 
followed by washing twice in cold MilliQ water. The nature of washing did not alter the 
level of calprotectin associated with Bb. For metal analysis of Bb by ICP-MS, pellets 
containing 2x108-1x109 cells were resuspended in 500 μL of 67-70% (v/v) nitric acid (J.T. 
Baker, Ultrex II Ultrapure Reagent) and heated at 80°C for 1 hour. Cell debris was 
removed by centrifugation at 20,000 x g for 5 minutes and the supernatant was diluted 
1:14 in MilliQ water prior to analysis by ICP-MS in semi-quantative mode (Agilent 7700x, 
University of Maryland, School of Pharmacy, Mass Spectrometry Center). With E. coli, 
6x109-1x1010 cells were digested in 500 µL of 20% (v/v) nitric acid overnight at 90°C and 
diluted 1:10 in MiliQ water in preparation for ICP-MS as described above. As blank 
controls, BSK II medium (no cells) was incubated in parallel and subjected to the 
identical centrifugation, washing and acid treatments. Any metal values of these blanks 
were subtracted from cell samples.  
For analysis of metals in the growth media, 200 µL of media (80% BSK II 
medium/20% calprotectin buffer with 3 mM CaCl2) was digested in 1.5 mL of 23% nitric 
acid for 18 hours at 80°C. Digested samples were diluted to a final volume of 5.5 mL 
with MiliQ water (~6% final nitric acid concentration), clarified by centrifugation at 4,000 x 
g for 10 minutes and subjected to ICP-MS as described above. Alternatively, BSK II 
medium was made 1% in nitric acid and analyzed directly without dilution using an 
Agilent 7500ce ICP-MS (Johns Hopkins NIEHS Center Core Facility). The metal values 
representing 80% BSK, 20% 3 mM CaCl2 were similar in the two experiments, and 
averages over the two trials are presented in Table S2-1.  
For preparation of Bb and E. coli cell lysates, 1x108-8x1010 and 3x109-1x1010 





mM potassium phosphate (KPi) pH 7.8, 5 mM EDTA, 5 mM EGTA, 50 mM NaCl, 0.45% 
Tergitol-type NP-40 (NP40), 10% glycerol) containing a volume of Zirconium oxide (0.7 
mm) or glass (400-600 nm) beads equivalent to the cell pellet. Following vortexing at 
3200 RPM for three 3 min cycles, lysates were clarified by centrifugation at 20,000 x g 
and stored in -80°C.  
Denaturing gel electrophoresis on NuPage 4-12% BisTris Gels (Life 
Technologies) used ≈ 30 μg of protein lysate or 100-500 ng of recombinant calprotectin. 
Gels were subjected to either Coomassie Brilliant Blue staining or immunoblot analysis 
using anti-S100A9 antibody (Abcam ab63818) diluted 1:1,000 and Alexa Fluor 680 
donkey anti-rabbit secondary (Life Technologies) diluted 1:10,000. To define the molar 
quantity of calprotectin versus moles of Zn associated with Bb, a cell sample of verified 
Zn content (as determined by ICP-MS) was subjected to electrophoresis and Coomassie 
staining against known quantities of purified recombinant human calprotectin. 
calprotectin bands were quantified using ImageJ software and analyzed against the 
standard curve of recombinant calprotectin.  
For SOD activity, 30 to 50 µg of protein lysate was subjected to native gel 
electrophoresis at 50 mA using 10 or 12% Tris-glycine native gels (Novex). SOD activity 
was monitored by nitroblue tetrazolium (NBT) staining and Fe-SOD activity eliminated by 
treating gels with 30 mM H2O2 prior to NBT staining as described (158). 
For all in vitro studies, data were considered statistically significantly different for 






Microscopy of Bb 
 For examination of Bb morphology, cells were examined under dark field 
microscopy at 40X magnification. Zinquin-dependent fluorescence was monitored by 
microscopy of Bb cells essentially as described.(165) 5x107 Bb cells were harvested by 
centrifugation at 1,000 x g for 10 minutes. Cells were washed twice with HN Buffer (20 
mM NaCl, 50 mM HEPES, pH 7.6), resuspended in 500 µL HN buffer and incubated at 
room temperature for 5 minutes. A 5 mM stock of zinquin ethyl ester (Sigma) dissolved 
in DMSO was diluted 1:2 in HN buffer and added to cells at a final concentration of 25 
µM followed by incubation at 34°C for 30 minutes. Cells were subsequently stained with 
PKH26 Red Fluorescent dye for membranes (Sigma) using 2 µL of dye diluted according 
to manufacturer’s specifications followed by incubation for 5 minutes at room 
temperature. The staining was terminated by the addition of 500 µL BSK II medium. 
Cells were subsequently washed twice in HN Buffer, resuspended in 100 µL HN buffer 
and subjected to 40X fluorescence microscopy and imaging using a Zeiss Observer.Z1 












Table 2-1 Dermal cells positive for S100A8 and CD8.1LD patient number or four 
individual controls/non-LD patients. 2Total S100A8 or CD8 counted in two 
individual sections of patient C and a single section from the remaining patients 


















Sample1 S100A8+2 CD8+2  CD8+/S100A8+3 
Patient A 147 46 21 
Patient B 30 6 1 
Patient C 76 6 1 
Control 1 1 4 1 
Control 2 7 1 0 
Control 3 0 0 0 





Table 2-2 Dermal cells positive for S100A8 and CD68. 1LD patient number or 
four individual controls/non-LD patients. 2Total S100A8 or CD68 counted in two 
individual sections of patient A and a single section from the remaining patients 
and controls. 3Number of cells that co-stained with S100A8 and CD68 
  
Sample1 S100A8+2 CD68+2 CD68/S100A8+3 
Patient A 102 59 40 
Patient B 18 1 0 
Patient C 202 78 48 
Control 1 3 6 2 
Control 2 9 7 3 
Control 3 2 1 1 






Figure 2-1 Immunofluorescence microscopy imaging of S100A8 expression in the skin 
of LD patients and controls. Skin tissue sections from the EM rash site of three individual 
LD patients and one control patient (Control 1) were subjected to immunostaining for 
S100A8 (green) and nuclei staining with DAPI (blue) before being subjected to 
fluorescence microscopy at 20X magnification as described in Experimental. Dotted 








 Figure 2-2 Quantification of S100A8 positive cells in the skin of LD patients. S100A8 
positive cells were quantified in the epidermis (A) and dermis (B) of skin sections from 3 
LD patients and 4 control surgical patients. Results represent cell counts (positive for 
both DAPI and S100A8) from 8-11 individual images spanning the tissue section of an 
individual patient. Image numbers: Patient A n=11; patient B n=8; patient C and all four 
controls n=10. (A) S100A8 staining in the epidermis of patient A is significantly higher 
than all four controls (p <0.001) and individual patients B and C (p<0.001). (B) S100A8 
staining in the dermis of patient C is significantly higher than all four controls (p <0.01); 







Figure 2-3 Co-localization of S100A8 and CD8 expression in the dermis. (A) Skin tissue 
sections from the EM rash site of three individual LD patients and one control (control 1) 
were subjected to immunostaining for S100A8 (green), CD8 (red) and nuclei staining 
with DAPI (blue) before being subjected to fluorescence microscopy at 20X 
magnification as in Fig. 1. Dotted lines separate the epidermis from the dermis and bar 
represents 50 µm. (B) Individual cells co-expressing S100A8 and CD8 were identified by 









Figure 2-4 Expression of S100A8 and CD68 expression in the dermis. Skin tissue 
section from the EM rash site of three individual LD patients and one control were 
subjected to immunostaining for S100A8 (green), CD68 (red) and nuclei staining with 
DAPI (blue) before being subjected to fluorescence microscopy at 20X magnification as 







Figure 2-5 Calprotectin mediated growth inhibition of B. burgdorferi (Bb) versus E. coli. 
Bb (A) or E. coli (B) were cultured in BSK II medium as described in Experimental in the 
presence of the indicated concentrations of calprotectin (CP). (A) Bb cell number was 
enumerated under dark field microscopy; results are averages of three biological 
replicates representative of seven experimental trials. There was essentially no growth 
at 250 and 500 µg/mL calprotectin and the cell number approximated the original 
inoculum. (B) E. coli cell number was converted from optical density; results are the 
averages of four biological replicates and are representative of eight experimental trials. 
Error bars are standard error. Across numerous experimental trials, the mean inhibitory 
concentration or dose of calprotectin that inhibits growth by 50% for Bb and E. coli were 






Figure 2-6 Effect of calprotectin metal binding mutants on inhibiting growth of Bb. Bb 
cells were grown as in Fig. 5A in the presence of WT calprotectin (CP) (black bar), the 
indicated metal binding mutants of calprotectin (white and grey bars), or without 
calprotectin (stippled bar). Results are averages of three biological replicates and are 
representative of five (A) and three (B) experimental trials; error bars are standard error. 
The difference in growth inhibition between ∆S1 and ∆S2 calprotectin at 125 µg/mL is 






Figure 2-7 Effects of calprotectin on Mn requiring SodA and total cellular Mn in Bb 
versus E. coli. Bb (A, B) and E. coli cells (“Ec” C-E) were grown in BSK II supplemented 
with the designated concentrations of calprotectin (CP). (A,C) Mn levels were measured 
in Bb (A) or E. coli (C) cells by ICP-MS. Results are averages of at least five (A) and four 
(C) replicates over three experimental trials, **p ≤ 0.0035, ****p < 0.0001, where 
calprotectin treated samples are compared to no calprotectin controls. Error bars are 
standard error. (B,D,E) Whole cell lysates were analyzed for SOD enzymatic activity by 
native gel electrophoresis and NBT staining (B top, D, E top). Denaturing gel 
electrophoresis and Coomassie staining (B bottom, E bottom) were used as a loading 
control. The positions of SodA and SodB on the native gels are indicated; numbers 
represent molecular weight markers. Results are representative of five (B) and three (E) 
experimental trials. (D) The native gel was treated with H2O2 where indicated to 








Figure 2-8 Zn and calprotectin in Bb versus E. coli. Total Zn levels were measured by 
ICP-MS in whole cell samples of Bb or E. coli grown with the indicated concentration of 
calprotectin (CP). (A) Results are averages of eight (0 µg/mL CP) and eleven (80 µg/mL 
CP) replicates over five independent experiments, where the level of Zn in calprotectin 
treated cell samples ranged from ≈6-30 nmoles/109 cells; **p=0.0073. (B) Results are 
averages of 10 (0 µg/mL CP), 8 (80 µg/mL CP), and 7 (350 µg/mL CP) replicates over 












Figure 2-9 Interactions between calprotectin and Bb. Bb or E. coli cells were grown in 
BSK II in the absence or presence of 80 or 350 µg/mL calprotectin (CP), (A, B). Bb was 
grown with 80 µg/mL of the designated calprotectin mutants (C). Whole cell lysates were 
subjected to denaturing gel electrophoresis and either Coomassie staining for total 
protein (A,B left, C top) or immunoblot analysis for S100A9 (“Anti-S100A9”). “CP only” is 
500 ng of recombinant human CP. Numbers indicate molecular weight markers and 
positions of S100A8 and S100A9 are denoted. “Input” shows Coomassie staining of WT 
and the indicated calprotectin mutants added to Bb cultures. Over five experimental 
trials, the level of ∆S1 calprotectin recovered in Bb lysates (as in Fig. 9C top and middle 







Figure 2-10 Zinquin labeling of Bb. Bb cells were cultured in the absence (A, left) or 
presence (A, right) of 3 µM TPEN, a Zn chelator, or in the absence (B, left) or presence 
(B, right) of 80 µg/mL calprotectin (CP). Cells were prepared for fluorescence 
microscopy by sequential staining with zinquin and then PKH red dye (for membranes) 






Figure 2-11 Calprotectin and morphology of Bb. (A) Bb cells cultured with the indicated 
concentrations of calprotectin (CP) were examined by dark field microscopy either 
directly in BSK II medium or immediately following a 1:10 dilution in H2O. Arrows indicate 
morphology classes: white, elongated spirals; red, cysts with round body tip; yellow, full 
round body cysts. Similar results were obtained with 1:5 dilution in H2O (Fig. S5, ESI†). 
(B) Quantification of cell morphology following dilution in H2O. Cysts are a combination 
of the two classes described above where full round bodies are less <5% total cysts. 
Results represent the averages of >250 cells counted over 3-4 experimental trials. Error 
bars are standard error. The changes in morphology with 80 and 125 µg/mL calprotectin 







Figure S2-1 Immunofluorescence microscopy imaging of S100A8 expression in the skin 
of LD patients and controls. Skin tissue sections from the EM rash site of three individual 
LD patients and on control (Control 2) were subjected to immunostaining for S100A8 
(green) and nuclei staining with DAPI (blue) before being subjected to fluorescence 
microscopy at 10X magnification as described in Materials and Methods. Dotted lines 














Figure S2-2 Immunofluorescence microscopy of S100A8 and CD163 expression in the 
dermis. Skin tissue sections from the EM rash site of three individual LD patients and on 
control (Control 2) were subjected to immunostaining for S100A8 (green) and nuclei 
staining with DAPI (blue) before being subjected to fluorescence microscopy at 20X 
magnification as in Figure S2-1. No colocalization was observed between S100A8 and 
CD163. Results are representative of three images spanning one tissue section each 















Figure S2-3 Zn does not reverse calprotectin (CP) mediated growth inhibition. Bb 
growth was monitored as in Figure 2-5A in the presence or absence of the designated 
concentrations of WT calprotectin and the indicated concentrations of ZnSO4. Results 
are averages of (A) three biological replicates representative of 3 experimental trials, or 
(B) at least six biological replicates; error bar is standard error. Growth in the presence 
of 80 µg/mL calprotectin was 56% (±2.4), 33% (±1.5), 55% (±2.7), and 51% (±1.7), that 
of the no calprotectin control in the cells supplemented with zero, 3.0 µM, 8 µM, and 25 













Figure S2-4 Total Cu in Bb and E. coli. Shown are total Cu (A,B) and Fe (C) levels in 
whole cell samples of Bb incubated with 80 µg/mL calprotectin (CP) (A) or E. coli 
incubated with 350 µg/mL calprotectin (B,C). Metal levels were measured by ICP-MS. 
Results are averages of eleven replicates over five independent experiments (A) or ten 
(0 µg/mL) and seven (350 µg/mL) replicates over four independent experiments (B,C). 
**p=0.0053; ***p=0.0003, ****p<0.0001. Fe levels in Bb with or without calprotectin 













Figure S2-5 Growth of Bb in the presence of TPEN. Bb growth was monitored as in 
Figure 2-5A in the presence of increasing concentrations of the metal chelator TPEN. 











Figure S2-6 Bb cell morphology. Bb cells grown with or without 100 µg/mL calprotectin 
(CP) were photographed under dark field microscopy either directly from BSK II medium, 
or immediately following dilution in H2O or PBS as indicated. Bottom – quantification of 
























Changes in mammalian copper homeostasis during 
microbial infection 
This chapter was published in Metallomics (2020, Mar 25;12(3): 416-426) and is 















Animals carefully control homeostasis of Cu, a metal that is both potentially toxic 
and an essential nutrient. During infection, various shifts in Cu homeostasis can ensue. 
In mice infected with Candida albicans, serum Cu progressively rises and at late stages 
of infection, liver Cu rises, while kidney Cu declines. The basis for these changes in Cu 
homeostasis is poorly understood. We show that the progressive rise in serum Cu is 
attributable to production by the liver of the multicopper oxidase ceruloplasmin (Cp). In 
Cp-/- mice, this elevated Cp helps to recover serum Fe levels at late stages of infection, 
consistent with a role for Cp in loading transferrin with Fe. Cp also accounts for the 
elevation in liver Cu seen during infection, but not for the fluctuations in kidney Cu. The 
Cu exporting ATPase ATP7B is one candidate for kidney Cu control, but we find no 
change in the pattern of kidney Cu loss during infection of atp7b-/- mice, implying other 
mechanisms. To test whether fungal infiltration of kidney tissue was required for kidney 
Cu loss, we explored other paradigms of infection. An infection with the intravascular 
malaria parasite Plasmodium berghei caused a rise in serum Cu and decrease in kidney 
Cu similar to that seen with C. albicans. Thus, the dynamics in kidney Cu homeostasis 
appear to be a feature common to vastly different infection paradigms. The implications 












Transition metals in biology have a dual role: they are essential micronutrients 
and co-cofactors for many vital enzymes, but also have the potential to become toxic. Cu 
is a prime example of such double-edged functionality. The metal is a required co-factor 
for many enzymes involved in oxygen chemistry and electron transfer, including 
cytochrome C oxidase for mitochondrial respiration, superoxide dismutase enzymes for 
anti-oxidant defense, and multi-Cu oxidases that couple oxygen reduction to oxidation of 
a variety of substrates (217,218). At the same time, Cu is potentially toxic through its 
ability to generate reactive oxygen species (ROS) via Fenton chemistry (219), to mis-
metallate non-cupro enzymes (220), and to disrupt Fe-S clusters (31,221,222). 
Unicellular microbial pathogens that are in direct contact with their environment can be 
particularly vulnerable to extreme highs and lows in Cu, and during infection the animal 
host can exploit Cu as weaponry against these microbes (223-226).  
The best studied example of Cu in innate immunity involves the Cu burst of 
macrophages. Macrophages engulf pathogens into the phagolysosome that is 
essentially an encasement of chemical toxins, including ROS (227), reactive nitrogen 
species (228,229) and elevated Cu (225,230). The elevation in phagolysosome Cu 
involves both increases in Cu uptake through the cell surface CTR1 Cu importer and 
pumping of Cu into the phagolysosomal compartment by ATP7A (33), one of two 
mammalian Cu-transporting P-type ATPases (54). In response to Cu elevation in the 
phagolysosome, successful pathogens have evolved elaborate machineries for Cu 
tolerance, many of which are virulence factors (34,35,38,112,231,232).  
The animal host can also withhold Cu from invaders and this appears to be 
especially true in the case of eukaryotic pathogens such as fungi, which heavily rely on 
Cu as a micronutrient due to numerous intracellular cuproenzymes (223,233). 





certain microbes of Cu nutrients. When the pulmonary pathogen Histoplasma 
capsulatum invades macrophages, intraphagolysomal Cu is initially elevated, but at later 
stages, phagolysosomal Cu diminishes to levels that induce Cu starvation stress in the 
fungus (44,234). Another pulmonary fungal pathogen, Cryptococcus neoformans, also 
encounters extreme highs and lows in Cu during invasion of host. In the lung, pulmonary 
macrophages attack the C. neoformans with high Cu, but upon dissemination to the 
brain and cerebrospinal fluid, the fungus is deprived of Cu and activates Cu limitation 
stress responses (48,50,106). The ability to sense Cu limitation and overcome Cu 
starvation is also important for Aspergillus fumigatus virulence in mice (111).  
Another fungal pathogen that is subject to fluctuations in host Cu is Candida 
albicans. C. albicans is a common component of human flora that can cause life-
threatening systemic infections (235,236). In a murine model of disseminated 
candidiasis, the kidneys, which are the main target organ of infection (237), display 
biphasic changes in Cu. At early stages of C. albicans infection, kidney Cu rises, then 
progressively falls at later stages (30,43,46). These changes in host Cu are sensed by 
the invading fungi, and C. albicans responds first by upregulating Cu export, followed by 
a Cu starvation stress response involving upregulation of Cu import and downregulation 
of the major Cu protein, Cu/Zn SOD1 (43,46). C. albicans also infects the spleen and 
liver in this model of candidiasis, and like the kidney, spleen Cu also displays a biphasic 
response of initially elevated Cu, followed by Cu loss, while liver Cu initially remains 
stable then rises later during infection (43). The fluctuations in kidney Cu during infection 
are particularly surprising, in that in uninfected animals, kidney Cu typically remains 
constant relative to other tissues in cases of Cu deficiency or Cu excess (238-241). The 
mechanism by which kidney Cu fluctuates during C. albicans infection is not known. 
ATP7B, one of two Cu transporting ATPase of mammals, is seen to rise in the kidney 





kidney Cu during infection has not been examined. Furthermore, it is not known whether 
the fluctuations in kidney Cu are the direct result of tissue infiltration by the pathogen or 
are part of a more global immune response of the host. It is noteworthy that the loss in 
kidney Cu is paralleled by a dramatic and progressive rise in serum Cu (43). The basis 
of this rise is unknown, and whether it is connected to fluctuations in the kidney is 
unclear.  
Here we explore the basis for these changes in host Cu during C. albicans 
infection. Our findings show that the progressive rise in serum Cu is due to increased 
liver production of ceruloplasmin (Cp), a multi-Cu oxidase and ferroxidase produced in 
the liver. This increased Cp production was found to be unconnected to changes in 
kidney Cu but rather was necessary to control circulating pools of Fe during infection. 
Furthermore, we demonstrate that the changes in kidney Cu are not due to direct 
invasion of the tissue by a microbe, since similar fluctuations in Cu without kidney 
invasion were seen with the malaria parasite Plasmodium berghei which remains 
intravascular. Thus, these changes in host kidney Cu appear to be part of a global 
immune response. Our findings reveal organ-specific changes in host Cu homeostasis 
as a generalized component of host immunity.  
 
Results and Discussion 
The accumulation of Cu-ceruloplasmin in serum of mice infected with C. albicans 
Infection of 9-week-old BALB/c mice with C. albicans via lateral tail vein was 
associated with a progressive increase in total serum Cu over 72 hours post-infection 
(Fig. 3-1A). The progressive rise in serum Cu was observed in males and females and in 
different strains of mice (BALB/c and C57BL/6) (30,43). The basis of the serum Cu 





rise in Cu might reflect elevations in the multicopper oxidase ceruloplasmin (Cp), an 
acute phase protein in the serum (19) that normally accounts for 40-70% of total serum 
Cu (195). Analysis of serum Cp by immuno-blotting revealed an increase in Cp up to 72 
h post infection (Fig. 3-1B, C). Since Cp circulates as both apo and Cu-loaded protein 
(242), we measured Cp activity as an indicator of metallated protein using the o-
dianisidine dihydrochloride oxidation assay (243,244). As seen in Fig 3-1D, there was a 
dramatic rise in o-dianisidine reactivity during infection that increased progressively up to 
72 h. Comparison of serum Cu and serum o-dianisidine reactivity revealed a strong 
correlation (Fig. 3-1E), indicating that the elevated serum Cu seen during C. albicans 
infection is attributable to serum Cp.  
Although serum o-dianisidine reactivity is typically used as indicator of Cp activity 
(244), other factors can react with o-dianisidine including the closely related multicopper 
oxidase hephaestin (245) or diamine oxidases (244). To determine whether CP is the 
main contributor to the observed oxidase activity, we infected Cp-/- null mice with C. 
albicans and measured changes in Cu and oxidase activity in the mouse serum. The 
infected Cp-/- mice showed fungal burden in kidneys similar to the infected WT C57BL/6 
mice (Fig. 3-2A), but had larger weight loss compared to the WT at 72 h (Fig. 3-2B), 
indicating Cp may play some role in guarding against infection in this model. 
Nevertheless, mouse survival was not substantially affected by Cp-/- deletion, and these 
mice therefore provided a valuable model to directly test the contribution of Cp to 
changes in serum Cu. As seen in Fig. 3-2C, the WT C57BL/6 mice exhibited the 
characteristic rise in serum Cu over 72 h of infection. By comparison, the Cp-/- mice had 
very low basal serum Cu that failed to rise during the course of infection. These findings 
support the results of Fig. 3-1, and demonstrate that the strong elevation in serum Cu 





 Where is the Cu-ceruloplasmin coming from in this mouse model of candidiasis? 
Cp can be secreted from a variety of tissues and cells including macrophages, 
mononuclear cells, the mammary gland, the choroid plexus, and the kidney (246-249), 
although a principle source is the liver (250). To test whether the Cu-loaded Cp that 
hyperaccumulates during disseminated candidiasis is derived from the liver, we used 
mice containing a liver specific deletion in ATP7B, the P-type Cu ATPase in the 
secretory pathway that provides Cp with Cu (59). These Atp7bΔHep mice 
hyperaccumulate Cu in the liver and Cp circulates in largely the apo form as determined 
by a native gel assay (251). Consistent with these previous findings, we observe that 
uninfected Atp7bΔHep mice show low Cp activity as revealed by o-dianisidine reactivity 
(Fig. 3-3A). These mice also exhibit very low basal levels of serum Cu in uninfected mice 
(Fig. 3-3B). Figure 3C shows that infection with C. albicans, Atp7bΔHep mice showed no 
visible signs of increased disease severity and no significant changes in kidney fungal 
burden. Interestingly, serum Cu and Cp activity in Atp7bΔHep mice remained exceptionally 
low during the course of infection compared to the dramatic rises in WT litter mate 
controls (Fig. 3-3A, B). Despite no increase in Cp activity, the Atp7bΔHep mice showed 
elevations in Cp protein by immunoblot, similar to levels seen in WT mice (Fig. 3-3D). 
Thus, the elevated Cp that accumulates in infected Atp7bΔHep mice appears to be apo 
and inactive. These studies show that the high level of Cu-loaded and enzymatically 
active Cp that accumulates in the serum of C. albicans infected mice is derived from the 
liver and is dependent on hepatic ATP7B.  
 
Ceruloplasmin and transferrin Fe during C. albicans infection 
While many roles have been ascribed to Cp, a major function is to act as a 





previous study has shown that in the mouse tail vein model for disseminated candidiasis, 
infection with C. albicans led to a great reduction in transferrin-Fe levels at 24 h post-
infection, presumably due to release of the pro-inflammatory hormone hepcidin that 
triggers an anemia of inflammation response (252,253). We corroborated these findings 
and observed a 3-fold drop in total Fe and transferrin-Fe 24 h post infection in BALB/c 
mice (Fig. 3-4A,B). Unexpectedly however, the mice seemed to recover over time and 
serum Fe and transferrin saturation were partially restored 72 h post infection (Fig. 3-4A-
B). A similar U-shape curve in serum Fe during C. albicans infection could be seen in Wt 
C57BL/6 mice (Fig. 3-4C). This recovery in serum Fe at later stages of fungal infection 
had not been previously described and we tested whether Cp was involved. As seen in 
Fig. 4C, the basal level of serum Fe in uninfected Cp-/- mice was much lower than age-
matched controls, consistent with previous results (8,254). Notably, this low level of 
serum Fe in Cp-/- mice appeared to remain relatively constant over the course of 
infection (Fig. 3-4C). Based on these findings, it appears that the marked elevation of Cp 
during infection can help in the recovery of serum Fe deficiency during later stages of 
infection.  
The parallel inductions of Cp and hepcidin during infection seem at odds with one 
another: while hepcidin works to reduce serum Fe levels, Cp can increase serum Fe 
through transferrin loading. Our findings suggest a model in which Cp induction serves 
to restrict the extent of anemia of inflammation induced by hepcidin, which might 
otherwise be detrimental to the host. However, we cannot exclude other possible roles 
for Cp during infection. Cp has been shown to play a role in many physiological 
processes, and the ability of Cp to act as an antioxidant has been well characterized 
(19,255-257). However it can also act in the oxidation of molecules such as hormones 
(258) and nitric oxide oxidation (259,260). One or more of these alternative biochemical 





precise activity during infection (recovery in serum Fe versus alternative oxidation 
reactions), Cp seems to contribute to animal fitness during disseminated candidiasis, as 
witnessed by the larger weight loss in Cp-/- mice compared to WT controls (Fig. 3-2B).  
 
Changes in tissue Cu during C. albicans infection and ceruloplasmin 
Aside from the rise in serum Cu, infection with C. albicans leads to specific 
changes in Cu content of tissues including the liver and kidney (30,43,46). We sought to 
test whether these changes in tissue Cu are connected to the strong elevation in serum 
Cu and serum Cp. 
With regard to the liver, total Cu levels significantly increase by 72 h in the 
murine model of disseminated candidiasis (43). Why the liver accumulates elevated Cu 
during infection was unknown. As one possibility, Cu may be elevated to meet the 
demand for liver production of Cu-Cp. We tested this hypothesis using Cp-/- null mice. As 
seen in Fig. 3-5A, WT C57BL/6 and Cp-/- null mice have similar basal levels of total liver 
Cu prior to infection. Following 72 h of infection, C57BL/6 mice exhibited a rise in liver 
Cu similar to that previously seen with infected BALB/c mice (43). By comparison, liver 
Cu 72 h post infection remained essentially unchanged from basal levels in the Cp-/- null 
mice (Fig. 3-5A). Thus, liver production of Cp occurs in parallel with the increase in liver 
Cu observed.  
 While hepatic Cu steadily increases during C. albicans infections, renal Cu levels 
increase at 24 h followed by a decrease at 72 h (30,43,46), and a similar phenomenon 
has been reported for the spleen (43). The reduction in renal Cu is not due to urinary 
losses during infection (43), and is concomitant with high liver production of Cu-Cp (Fig. 
3-1B-D). Could these events be linked? There is precedence for cross tissue 





from other tissues (261,262). It was therefore possible that during infection, the need to 
produce Cu-Cp in the liver might signal compensatory Cu losses from other tissues. We 
used Cp-/- mice to address whether CP production is sufficient to trigger Cu changes in 
extra-hepatic tissues. In WT C57BL/6 mice, kidney Cu levels fall at 72 h, as previously 
reported (30,43,46) (Fig. 3-5B, left). However, the same change in kidney Cu during 
infection was also observed in Cp-/- mice (Fig. 3-5B, right). These studies exclude liver 
production of Cu-Cp as a signal to drive Cu loss from the kidney.  
The decreases in kidney Cu accumulation at late stages of C. albicans infection 
could result from either reductions in Cu uptake or through increases in Cu export, e.g., 
through Cu exporting ATPases, ATP7A or ATP7B (54,263,264). Brown and colleagues 
have shown that levels of both the Cu import protein CTR1 and Cu export proteins 
ATP7A and ATP7B increase throughout the kidney during C. albicans invasion, but the 
effect was most prominent with ATP7B (46). We examined whether this elevation in 
ATP7B was responsible for the fluctuations in kidney Cu by examining kidney Cu levels 
in whole animal Atp7b -/- mice. As seen in Fig. 5C, kidney Cu levels in the Atp7b -/- mice 
were observed to drop at 72 h infection, similar to wild type littermate controls. Thus, 
ATP7B is not responsible for the changes in Cu homeostasis seen during Candida 
infection. It therefore remains possible that the changes in kidney Cu result from 
alterations in ATP7A or the CTR1 Cu importer. Whether or not ATP7A or CTR1 
contribute to fluctuations in kidney Cu awaits the generation of kidney-specific deletions 
or conditional alleles of the corresponding genes, as both genes are essential for mouse 






Host Cu responses in a distinct model of infection: Plasmodium berghei 
The fluctuations in renal Cu during C. albicans infection are remarkable, in that 
under non-infectious conditions, kidney Cu remains relatively constant compared to 
other tissues in cases of Cu deficiency or Cu excess (53). As one possibility, the loss in 
kidney Cu could represent a special case of C. albicans infiltrating and damaging the 
tissue. The kidney is the site of highest fungal burden in the mouse model of 
disseminated candidiasis (237) and the Cu response may simply be a localized effect of 
colonization. To address whether kidney infiltration triggers Cu loss, we investigated host 
Cu changes in mice infected with a pathogen that does not predominantly invade the 
kidney. We chose the intravascular malaria parasite P. berghei that infects erythrocytes, 
preferentially reticulocytes (267) but not kidney cells nor endothelium, and does not 
produce kidney lesions as found with Candida infections (268). During blood stream 
infection with P. berghei, we observed elevations in serum Cu (Fig. 3-6A) and Cp activity 
(Fig. 3-6B) similar to that seen with C. albicans infection (Fig. 3-1A, D). Most 
interestingly, we also observed a decrease in kidney Cu levels at later stages of infection 
(Fig. 3-6C). The loss in kidney Cu with P. berghei is similar that seen during C. albicans 
infections (Fig. 3-5B,C and (30,43,46)), albeit on a longer timeline. Thus, the kidney Cu 
response to infection does not appear to be a specific effect of infiltration of this organ by 
the fungal pathogen, but rather a more global response to systemic infections. 
 
Nutritional immunity for Copper? 
Why do kidney Cu levels decrease during infection? This appears to represent a 
specific host response to infection or inflammation because such changes in kidney Cu 
are typically not seen under non-infection conditions of Cu excess or Cu deficiency 





the host, i.e., an intentional attempt to thwart pathogen growth by starving the microbe of 
its Cu nutrients. Indeed C. albicans is subject to Cu starvation when it invades the kidney 
and responds by increasing fungal Cu uptake and sparing utilization of Cu as a co-factor 
(43,46). This withholding of Cu from C. albicans reflects a type of nutritional immunity 
that is unlike similar mechanisms involving calprotectin sequestration of Mn and Zn 
(29,151), in that the Cu limitation is tissue wide rather than localized to sites of infections 
(43,46). However, since the loss in kidney Cu is also observed with an infectious agent 
that does not infiltrate the kidney, it more likely represents a global response to infection 
and inflammation rather than localized nutritional immunity (Fig. 6C). As an alternative 
possibility, the loss in kidney Cu may not reflect a bona fide nutritional immunity 
response, but rather a shift in prioritization of whole animal Cu away from the kidney and 
towards the liver to meet demands for Cu-Cp production. If this model is correct, the 
mobilization of kidney Cu is not a direct response to increases in liver Cu and liver Cp, 
as kidney Cu still declines in the Cp-/- mouse. A similar model invoking cross-tissue 
redistribution of Cu has been used to explain mobilization of Cu from the liver towards 
the heart during cardiac Cu deficiency (261,262). How such cross-tissue Cu 
homeostasis is communicated is still unknown. The identification of Cu homeostasis 
signals during inflammation in future studies would greatly enhance our understanding of 
the complex roles this metal plays during microbial infection. 
 
Conclusions 
Previous work has shown that Cu homeostasis changes dramatically during C. 
albicans infections. Specifically, it had been shown that serum and liver Cu levels 
increase while the kidney displayed a biphasic response, rising early in infection and 





at the same time as kidney Cu is declining, serum Cu and liver Cu increased and others 
have shown that the protein levels of Cu transporter ATP7B increased in the kidney as 
well. We investigated both of these events and found that the increase in serum and liver 
Cu was due to Cp and that deletion of Cp had no effect on kidney Cu loss. Similarly, 
deletion of ATP7B also had no effect on kidney Cu loss in this infection model. These 
results suggest that another Cu transport protein is playing a role or that some other 
mechanism is compensating during our deletion studies. In this report, we also provide 
the first evidence that this decline in kidney Cu occurs with another pathogen and that it 
occurs in an infection paradigm where the kidney itself is not colonized. This finding is of 
particular interest because it shows that this phenomenon in not Candida specific and 
most likely happens in a large variety of infection conditions. The result also suggests 
that the kidney is receiving some signal to initiate Cu loss. While that signal is still 
unknown, future studies to uncover the signal could greatly improve our understanding 
of Cu redistribution during infection. 
 
Materials and methods 
Mouse models of infection 
All mouse studies were carried out in accordance with the National Institutes of 
Health guidelines for the ethical treatment of animals. The protocol was approved by the 
Institutional Animal Care and Use Committee of the Johns Hopkins University medical 
institutions, mouse protocol number MO13M264 (C. albicans infection) and number 
MO19H11 (P. berghei).  
For the lateral tail vein model of disseminated candidiasis, studies involved both 
male and female mice and no sex differences were noted with in any of the experiments 





during C. albicans infection (30,43). C. albicans strain SC5314 was used for all studies. 
Fungal cells were grown to stationary phase overnight in a yeast extract, peptone, and 
2% (wt/vol) dextrose-based media (YPD). Cells were harvested and washed 2x in 
phosphate buffered saline (PBS) and cell density determined by optical density at 600 
nm (OD600). The cell concentration of the inoculum was confirmed by cell enumeration 
on a hemocytometer (Hausser Scientific). 5x105 C. albicans cells suspended in 100 µL 
PBS were injected into the lateral tail vein of 9-11-week-old BALB/c or C5BL/6J strains 
of mice or the indicated mutants. Mice were sacrificed at 24, 48 and 72 hours after 
infection. Blood was collected and allowed to clot on ice before isolation of serum by 
centrifugation at 1000 x g for 10 minutes. Organs were perfused with PBS as previously 
described (43) and kidneys and liver were collected and processed for CFUs and metal 
analysis. The Cp-/- mice have been previously described (8). The liver specific Atp7bΔHep 
and global knockout Atp7b-/- mice have been previously described (241,251).  
To measure colony forming units during C. albicans infection, perfused tissues 
were weighed before homogenization by mechanical force in 1 mL of PBS. After 
homogenization, samples were serially diluted in PBS and plated onto YPD medium with 
1% Penicillin, 1% Streptomycin (Quality Biological Inc., 120-095-721).  
For P. berghei experiments, 7-week-old female BALB/C mice were infected by 
injection of 1x106 parasites of P. berghei strain ANKA into the peritoneum of mice as 
previously described (270). Mice were sacrificed at 7 and 14 days post infection. Blood 
and PBS perfused kidneys were collected at the time of sacrifice and processed for 






Biochemical analyses of serum and tissues 
Serum was diluted 1:50 in MilliQ water and Cu content was measured on a 
PerkinElmer Life Sciences AAnalyst 600 graphite furnace atomic absorbance 
spectrometer (AAS). Tissue samples were weighed and digested overnight at 90oC in 1 
mL of 20% (vol/vol) Ultrex II Ultrapure nitric acid. Samples were diluted to 2% nitric acid 
and Cu content was measured via AAS. 
To monitor serum oxidase activity, o-dianisidine dihydrochloride was used as 
substrate as previously described (243). In a 96 well plate (Falcon, 353072) the following 
was combined in duplicate samples: 3.75 µL serum, 56.5 µL of 10 µM 
diethylenetriameinepentaacetic acid in a 0.1 M sodium acetate buffer at pH 5.5, and 30 
µL of 2.5 mg/mL o-dianisidine dihydrochloride (Sigma Aldrich, D3252-25G). Samples 
were incubated at 37oC and following 5- and 60-minute time points, 150 µL 9 M sulfuric 
acid was added and absorbance measured at 540 nm using Synergy HT (Biotek) to yield 
A5 and A60, respectively. Oxidase activity in units/L was calculated as (A60 – A5) x 113.6.  
Serum Fe (SI) and unsaturated iron binding capacity (UIBC) were determined 
using a ferrozine based assay (Pointe Scientific, I7504-60) in a 96 well plate format. To 
measure SI, 100 µL of 220 mM hydroxylamine hydrochloride in pH 4.5 acetate buffer 
with surfactant was combined with 20 µL of either serum sample, water, or 500 ug/dL 
ferrous chloride Fe standard in hydroxylamine hydrochloride. The absorbance at 560 nm 
(A560) was measured on an Eon plate reader (Biotek) (A1 reading). 2 µL of 16.7 mM 
ferrozine in hydroxylamine hydrochloride was then added, following by incubation at 
37oC for 10 minutes and A560 measurements (A2 reading). SI in µg/dL was calculated 
as (A2serum -A1serum)/(A2standard -A1standard) x 500. For UIBC, 80 µL of 500 mM Tris, pH 8.1 
with surfactant and 0.05% (w/v) sodium azide was mixed with 60 µL of water, 20 µL of 
serum sample and 40 µL of the aforementioned Fe standard, or 20 µL of water and 40 





hydrochloride was added and incubation proceeded at 37oC for 10 minutes followed by 
A560 measurements (A2). UIBC in µg/dL was calculated as 500-(A2sample-
A1sample)/(A2standard-A1standard) x 500. Total iron binding capacity (TIBC) was calculated as SI 
+ UIBC. Transferrin saturation was then calculated as SI/TIBC x 100. 
Ceruloplasmin protein levels were determined by immunoblot. 5 µL of serum was 
loaded onto a 4-12% Bis-Tris gel (Thermo Fisher). Blots were probed with anti-
ceruloplasmin (Abcam, Ab19171) at a 1:10,000 dilution and secondary Alexa Fluor 680 
donkey anti-goat (Invitrogen, #A-21084) at 1:10,000 dilution. For albumin, 1 µL of serum 
was run on a 4-12% Bis-Tris gel (Thermo Fisher) and stained with Coomassie brilliant 
blue (Fisher Biotech, BP101-50). Densitometry quantification of Cp and albumin was 
determined using ImageJ version 1.49 (NIH software).  
All statistical calculations were made using RStudio. One-way ANOVAs with 
Tukey post-test were used when comparing multiple groups with one independent 
variable, and two-way ANOVA with Tukey post-test was used to compare group means 
with two independent variables. Two tailed student’s T tests were used when comparing 
two groups. Least squares analysis using the lm function was used to determine the 
slope and intercept of the line in Fig. 1E. The values plotted are individual mice where 
the middle line represents the mean and the error bars are showing the standard error of 







 Figure 3-1 The rise in serum Cu in C. albicans-infected mice is attributable to holo-
Ceruloplasmin. Nine-week-old female BALB/c mice were infected with Candida albicans 
strain SC5314 and sacrificed at the indicated time points. Blood was harvested at 
sacrifice and serum was isolated. (A) Serum Cu during infection for 5-8 mice per 
group.***P<0.001, ****P< 0.0001 as determined by one-way ANOVA with Tukey post-
test. (B) Ceruloplasmin (Cp) levels in serum were assayed via immunoblot (B top) and 
normalized to albumin levels visualized by Coomassie blue staining (B bottom). Results 
are from three mice per group and the intensity of bands was measured by densitometry 
(C). *P<0.05, ***P<0.001 as determined by one-way ANOVA. (D) Oxidase activity of Cp 
was assayed via o-dianisidine dihydrochloride oxidation. Results shown are from 5 mice 
per group. ***P<0.001,**** P< 0.0001 as determined by one-way ANOVA with Tukey 
post-test. (E) Correlation between oxidase activity (from D) and serum Cu (from A), 
slope= 1.76+/- 0.14, intercept=-3.23+/- 2.66, R2=0.894, p=2.03x10-10. Line parameters 
and statistics determined by lm function in RStudio. Values from individual mice are 
plotted with middle line representing the mean with error bars showing +/- SEM. 
 


























































































Figure 3-2 The effects of aceruloplasminemia on serum Cu, weight loss and renal 
lesions during infection. Male (triangles) and female (circles) 11-week-old Cp-/- null mice 
and age matched Wt controls were infected with C. albicans as in Fig. 1. (A) Colony 
forming units (CFU) in the kidneys harvested at the indicated time points in hours; n= 4-7 
mice per group. Analysis via two-way ANOVA showed no statistically significant 
difference between WT and Cp-/- mice. (B) Weight loss at 72 hours post infection is 
significantly higher in Cp-/- mice as determined via two-tailed Student’s t-test, n=8 mice 
per group, *P=0.0281. (C) Total serum Cu levels are significantly higher in WT mice 
compared to Cp-/- mice as determined by two-way ANOVA with Tukey post-test; 4-9 
mice per group ****P<0.0001. This two-way ANOVA test showed no statistically 
significant difference in serum Cu levels of the Cp-/- mice during infection. Asterisks 
above data in C indicate statistical significance of the difference between Wt and Cp-/- at 
that time point. Values for individual mice are plotted with middle line representing the 
mean with error bars showing +/- SEM.  































































Figure 3-3 During infection with Candida albicans, serum ceruloplasmin is produced in 
the liver. Male (triangles) and female (circles) 11-week-old Atp7bΔHep (7b Hep, red) mice 
and Wt littermate controls (black) were infected with C. albicans. (A) Mean oxidase 
activity of mouse serum as measured by o-dianisidine dihydrochloride oxidation; n=3-6 
mice per group. *P=0.013; **P=0.0030; **** P< 0.0001. (B) Serum Cu levels from 3-6 
mice per group. ***P=0.00061; ****P<0.0001. (C) There was no significant difference in 
kidney CFUs between Wt and Atp7bΔHep mice in 3-4 mice per group analyzed. (D) 
Ceruloplasmin in serum at 0 and 72 hours detected by immunoblot with albumin as 
loading control. (A-C) Statistical significance was determined by two-way ANOVA with 
Tukey post-test. Asterisks above data in A,B,C indicate the statistical significance of the 
difference between Wt and Atp7bΔHep at that time point. Values plotted are individual 
mice with middle line representing the mean with error bars showing +/- SEM.  
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Figure 3-4 Changes in serum Fe during infection. Total serum Fe and transferrin Fe 
were measured in 9-week-old BALB/C (A-B) and 11-week-old C57BL/6 mice and Cp -/- 
mutants (C). (A-B) Total serum Fe and transferrin saturation were determined in serum 
of 4-9 mice per group at the indicated time points. *P <0.05; ***P<0.001; ****P<0.0001 
(C). Total serum Fe was determined in the serum of 2-5 Wt and Cp -/- mice per group at 
the designated time points. *P <0.05; ***P<0.001. Statistical significance determined by 
one-way ANOVA with Tukey post-test for (A-B) and two-way ANOVA with Tukey post-
test for (C). Sex of mice denoted by given markers: male (triangles) and female (circles). 
Values plotted are individual mice with middle line representing the mean with error bars 










































































Figure 3-5 Presence of ceruloplasmin and ATP7B affect liver Cu but not kidney Cu. 
Liver and kidney Cu content as measured by AAS in Cp-/- and Atp7b-/- mice. (A) Liver Cu 
in Wt and CP-/- mice; 3-4 mice per group. *P=0.038. (B) Kidney Cu determined by AAS in 
4-8 Wt C57BL/6 mice per group (left panel) and 4-9 Cp-/- mice per group (right panel). 
*P<0.05; ***P<0.001. (C) Kidney Cu levels in 4-5 Wt and Atp7b-/- mice per group during 
infection. *P<0.05. Statistical significance determined by two tailed Student’s t-test (A,C) 
and one-way ANOVA with Tukey post-test for (B). Values plotted are individual mice with 






































































































































Figure 3-6 Changes in serum and kidney Cu during infection with Plasmodium berghei. 
Seven-week-old female BALB/c mice were infected with P. berghei and sacrificed at the 
indicated time points. Results shown are pooled from two experiments with 8 control 
mice, 3 mice sacrificed at day 7, and 8 mice after 14 days. (A) Serum Cu measurements 
of P. berghei infected mice. ****P<0.0001. (B) Oxidase activity of P. berghei infected 
serum in 19 mice. **** P< 0.0001. (C) Kidney Cu levels of P. berghei infected mice. 
**P<0.01. Statistical significance determined by one-way ANOVA with Tukey post-test 
for (A-C). Values plotted are individual mice with middle line representing the mean with 























































































Expanded role of the Cu-sensing transcription factor 
Mac1p in Candida albicans 
This chapter was published in Molecular Microbiology (2020, Aug 18; 
2020;10.1111/mmi.14591) and is reproduced here with copyright permission from the 



















As part of the innate immune response, the host withholds metal micronutrients such as  
Cu from invading pathogens, and microbes respond through metal starvation stress 
responses. With the opportunistic fungal pathogen Candida albicans, the Cu sensing 
transcription factor Mac1p governs the cellular response to Cu starvation by controlling 
Cu import. Mac1p additionally controls reactive oxygen species (ROS) homeostasis by 
repressing a Cu-containing superoxide dismutase (SOD1) and inducing Mn-containing 
SOD3 as a non-Cu alternative. We show here that C. albicans Mac1p is essential for 
virulence in a mouse model for disseminated candidiasis and that the cellular functions 
of Mac1p extend beyond Cu uptake and ROS homeostasis. Specifically, mac1∆/∆ 
mutants are profoundly deficient in mitochondrial respiration and Fe accumulation, both 
Cu-dependent processes. Surprisingly, these deficiencies are not simply the product of 
impaired Cu uptake; rather mac1∆/∆ mutants appear defective in Cu allocation. The 
respiratory defect of mac1∆/∆ mutants was greatly improved by a sod1∆/∆ mutation, 
demonstrating a role for SOD1 repression by Mac1p in preserving respiration. Mac1p 
down-regulates the major Cu consumer SOD1 to spare Cu for respiration that is 
essential for virulence of this fungal pathogen. The implications for such Cu homeostasis 












Transition metals represent a double-edged-sword to biological systems; they 
are required for life but also can become toxic if not properly managed. Because of this 
dual nature, homeostasis of transition metals in biological systems is tightly controlled. 
Cu is one such metal that has this dual property of being both essential and potentially 
toxic. Cu is required as a redox cofactor for numerous enzymes involved in oxygen 
chemistry, but can also have deleterious side chemistry (217-219,221,222). Unicellular 
microbes are particularly vulnerable to fluxes in environmental metals and have evolved 
sophisticated means of regulating Cu homeostasis.  
In the bakers’ yeast S. cerevisiae Cu homeostasis is controlled by two Cu binding 
transcription factors: Ace1p and Mac1p (88). Ace1p senses high, toxic Cu 
concentrations and activates Cu detoxification machinery involving genes encoding Cu-
binding metallothioneins (89,271). In times of Cu limitation, Mac1p activates transcription 
of genes for Cu uptake including the high affinity Cu permeases and cupric reductases 
(272). Variations on this theme of sensing and responding to extremes in Cu can be 
found throughout yeast species. The pulmonary fungal pathogen Cryptococcus 
neoformans uses the Cu-sensing transcription factor Cuf1p which bears homology to 
both S. cerevisiae Ace1p and Mac1p. Cuf1p activates both Cu uptake and Cu 
detoxification genes in response to Cu limitation and Cu excess, respectively 
(47,48,104,105). On the other hand the pathogenic and saprotrophic fungi Aspergillus 
fumigatus has retained separate Ace1/Mac1 systems but in this fungus, AfMac1p has 
evolved to independently upregulate genes involved in Fe uptake as well as Cu uptake 
(45,110,111,113). The opportunistic human fungal pathogen Candida albicans also has 
separate Mac1p and Ace1p Cu regulators and the core functions of Mac1p have been 





permease and FRE7 cupric reductase (121). However, C. albicans Mac1p has 
additionally evolved to regulate anti-oxidant systems including superoxide dismutase 
enzymes (SOD). 
SOD metalloenzymes utilize redox active co-factors such as Mn and Cu to 
disproportionate superoxide anion free radicals and therefore play important roles in 
metabolism of reactive oxygen species (ROS) (273). Eukaryotes typically contain a 
Cu/Zn-SOD1 in the cytosol and mitochondrial intermembrane space, and a distinct Mn-
SOD2 in the mitochondrial matrix. Mitochondrial SOD1 and SOD2 ensure protection 
against respiratory chain superoxide, while cytosolic Cu/Zn-SOD1 can participate in cell 
signaling involving ROS (62,67,123,274-278). Apparently unique to C. albicans and 
closely related fungi is a second Mn containing Sod3p in the cytosol (126). During Cu 
limitation, C. albicans Mac1p transcriptionally represses Cu-Sod1p and induces Mn-
Sod3p to maintain cytosolic levels of SOD (43,68,123). Additionally, Mac1p induces a 
mitochondrial alternative oxidase (AOX2) to compensate for loss of mitochondrial Cu/Zn 
SOD1 (121,123). C. albicans Mac1p clearly participates in ROS homeostasis as well as 
Cu uptake. 
 The Mac1-Cu response is utilized by C. albicans during pathogenesis. In a 
murine model of disseminated candidiasis, where the kidney is the major target organ, 
kidney Cu levels fluctuate such that at early time points Cu levels are high, but decrease 
later in infection (30,43,46,127). C. albicans is able to sense these changes in Cu and 
exhibits abundant expression of SOD1 at early stages of infection, and then repression 
of SOD1 and transcriptional induction of SOD3 and CTR1 later in infection when Cu 
levels decrease (30,43,46). Clearly C. albicans senses a Cu starved microenvironment 
in murine kidneys and is responding using Mac1p. It was not known if this Mac1p 
response plays a role in virulence in this model. Furthermore, the full impact of Mac1p 





uptake and ROS homeostasis? It was unclear what, if any, additional genes are Mac1p 
targets in C. albicans.  
 In these studies, we investigate the requirement for C. albicans Mac1p in 
pathogenesis and its expanded role in regulating metal homeostasis and anti-oxidant 
enzymes. We find that Mac1p does indeed contribute to pathogenesis in a murine model 
of disseminated candidiasis and that its cellular function extends beyond Cu uptake and 
reactive oxygen homeostasis. Cells lacking Mac1p are severely compromised in both 
mitochondrial respiration and Fe accumulation, both a product of disrupted Cu 
homeostasis. Loss of Cu uptake in mac1∆/∆ mutants cannot totally explain these 
deficiencies; rather mac1∆/∆ mutants are defective in intracellular distribution of Cu to 
essential targets including Cu-requiring cytochrome oxidase (COX) for respiration. We 
provide evidence that Mac1p control of anti-oxidant genes through down-regulation of 
SOD1 not only maintains oxidative stress protection, but also spares Cu for 
mitochondrial COX. Mac1p helps maintain respiration essential for pathogenesis in the 
face of limiting host copper.  
 
Results and Discussion 
 
The mac1 strain has a virulence defect in a murine model of disseminated 
candidiasis 
 We sought to determine whether the Mac1p response to Cu during C. albicans 
invasion of the kidney was essential for pathogenesis. For these studies, we generated a 
mac1∆/∆ mutation in a C. albicans clinical isolate lacking auxotrophic markers. Both 
mac1∆/+ heterozygous and mac1∆/∆ homozygous mutations were generated in the 





homozygotes, but not mac1∆/+ heterozygotes, behaved similarly to a mac1∆/∆ 
homozygous deletion in the SN152 background (43), and are unable to switch from Cu 
containing Sod1p to Mn containing Sod3p during Cu starvation, as induced by the Cu(I) 
chelator bathocuproinedisulfonic acid (BCS) (Fig. 4-1A, lane 7). This defect was 
corrected by integrating a single copy of MAC1 into its native locus (Fig. 4-1A, lane 9). 
We used both the mac1∆/∆ deletion strain and the reintegrated MAC1 rescue for 
virulence studies in a murine model of disseminated candidiasis where the kidneys are 
the major target organs and where tissue Cu levels decline during infection 
(30,43,46,127,237). As seen in Fig. 4-1B, female mice infected with WT C. albicans by 
lateral tail vein injection succumbed to the infection by 9 days. The mac1Δ/Δ strain 
displayed a stark virulence defect (Fig. 4-1B) with mac1Δ/Δ infected mice displaying a 
mean survival of 15 days post-infection. Virulence was fully restored by reintegration of 
MAC1 (Fig. 4-1B). Thus, Mac1p plays an important role in fungal virulence in 
disseminated candidiasis. Recent studies by Khemiri have shown role for C. albicans 
Mac1p in adherence to a human colon epithelial cell line in vitro, consistent with the 
importance of Mac1p in fungal growth and cell invasion (280). 
 
The effects of mac1Δ/Δ mutations on fungal copper accumulation and 
mitochondrial respiration 
The basis for the virulence defect of mac1Δ/Δ strains was unclear. We therefore 
examined in detail the effects of MAC1 loss in cultures of C. albicans in vitro. Aside from 
regulating SOD1 and SOD3, Mac1p has been reported to induce the Cu permease gene 
CTR1 when cells are deprived of extracellular Cu (121). To directly monitor CTR1 
expression we examined transcript levels by qRT-PCR. In enriched YPD media that was 





than that of WT cells (Fig. 4-2A). Therefore Mac1p not only upregulates CTR1 with Cu 
starvation, but is also needed for basal levels of CTR1 expression when extracellular Cu 
is available. Consistent with this low basal level of CTR1 expression, mac1Δ/Δ mutants 
displayed ≈25-30% of the total intracellular Cu of WT cells (Fig. 4-2B, also see Figs. 4-
3C and 4-4A). This low level of intracellular Cu in mac1∆/∆ cells is similar to WT cells 
treated with 400 µM of the Cu chelator BCS (Fig. 4-2B).  
We tested whether this low level of intracellular Cu in mac1∆/∆ mutants impacted 
mitochondrial respiration, a Cu-dependent process essential for virulence of C. albicans 
(80,281,282). Cytochrome c oxidase (COX) of the electron chain is a Cu-requiring 
complex (217,218) and can be monitored by measuring the rate of cyanide sensitive-
oxygen consumption. As seen in Fig. 4-2C, COX-respiration in the mac1Δ/Δ strain was 
drastically reduced compared to the WT strain. This defect is indeed due to Cu 
deficiency, as oxygen consumption levels were restored to WT levels in cells 
supplemented with high Cu in the growth medium (Fig. 4-2C). 
Since C. albicans is dependent on respiration for growth in vivo (80,281,282), we 
tested whether the lowered oxygen consumption in mac1Δ/Δ cells impacted respiration-
dependent growth in vitro. C. albicans relies on respiration in the presence of non-
fermentable carbon sources such as glycerol and ethanol. As seen in Fig. 4-2D top, 
mac1∆/∆ strains failed to grow when glycerol and ethanol are provided as sole carbon 
sources, compared to growth on glucose that supports both fermentation and 
respiration. This requirement of Mac1p for growth on non-fermentable carbon sources is 
consistent with findings of mac1∆/∆ mutants in an independent C. albicans strain 
background (BWP17) (120). As with oxygen consumption, the respiratory defect of 
mac1Δ/Δ mutants was totally rescued by supplementation with Cu salts (Fig. 4-2D 





indeed sufficient to block respiration-dependent growth as might occur in vivo during 
infection.  
To test if low intracellular Cu by itself can explain the respiratory deficiency of 
mac1∆/∆ cells, we quantified COX-respiration in WT cells that accumulate virtually 
identical low levels of total intracellular Cu through treatment with 400 µM BCS (Fig. 4-
2B). Surprisingly, these Cu-depleted WT cells showed no defect in respiration (Fig. 4-
2E). Unlike mac1Δ/Δ mutants, COX-respiration in WT cells appears resilient to Cu 
deprivation. Hence, the respiration defect of mac1Δ/Δ mutants cannot be explained by 
low levels of total intracellular Cu. Instead, the mutants may be unable to properly 
allocate Cu to COX in the mitochondria.  
 
Contribution of SOD1 to the respiratory defect of mac1∆/∆ cells 
 We addressed whether the apparent mac1∆/∆ defect in Cu allocation to COX is 
due to improper regulation of SOD1. Sod1p is an abundant cellular protein that can 
account for 10-20% of the total intracellular Cu in yeast strains (283). Since mac1∆/∆ 
mutants cannot repress SOD1 gene expression, Sod1p polypeptide levels remain 
unaffected in these Cu starved cells (Fig. 4-1A, lane 7, and (43)). Most importantly, 
Sod1p retains a certain level of activity in mac1∆/∆ cells (Fig. 4-3A, lane 3). In spite of 
very low intracellular Cu, Sod1p is still receiving Cu in mac1∆/∆ cells.  
 To test whether the residual Cu bound to Sod1p in mac1Δ/Δ mutants is 
preventing Cu activation of COX, we generated a mac1Δ/Δ sod1Δ/Δ double mutant 
using a CRISPR based approach for C. albicans (284). When we assayed COX 
respiration, we found that deletion of SOD1 significantly ameliorated the oxygen 
consumption defect of mac1Δ/Δ mutants (Fig. 4-3B). This rescue of respiration by the 





Therefore, the presence of residual Sod1p in Cu-starved mac1∆/∆ cells appears to 
function as a Cu sink, sequestering Cu away from COX. This notion of Sod1p limiting Cu 
accessibility to COX is consistent with our previous studies in WT cells where 
inappropriate over-expression of SOD1 lowered COX respiration (123). We conclude 
that Mac1p in C. albicans has evolved to maintain COX activity essential for growth and 
pathogenesis in at least two ways: by inducing Ctr1p-dependent Cu transport and by 
down-regulating Sod1p, a major Cu consumer. The regulation of anti-oxidant enzymes 
by C. albicans Mac1p not only serves to maintain oxidative stress protection and ROS 
signaling during Cu starvation (68,123), but also facilitates Cu sparing for COX to help 
maintain mitochondrial respiration. A similar mechanism may extend to other organisms 
as well. In C. neoformans, the Cuf1p Cu sensor represses Cu/Zn SOD1 during Cu 
starvation (105), which may also be part of a Cu sparing pathway for maintaining 
respiration or other essential Cu-dependent processes. The notion of Cu sparing for 
mitochondrial respiration has also be proposed for certain marine microorganisms. 
During Cu limitation, the photosynthetic algae Chlamydomonas reinhardtii degrades Cu 
containing plastocyanin for photosynthesis and Cu is prioritized for mitochondrial COX 
(285-287). Down regulation of plastocyanin during Cu limitation has also been observed 
in diatoms (288). 
 
Evidence for non-Sod1 factors in Mac1p-maintenance of respiration 
 It is important to note that loss of SOD1 only partly rescues COX-dependent 
respiration in mac1∆/∆ mutants, but does not restore oxygen consumption to WT levels 
(Fig. 4-3B). Is this level of restored oxygen consumption sufficient to support respiration-
dependent growth? As seen in Fig. 4-3D, deletion of SOD1 did not restore growth of 





column 1); however the mac1Δ/Δ sod1Δ/Δ mutant did exhibit improved growth 
compared to the mac1Δ/Δ strain when low levels of Cu salts were added to the growth 
media (Fig. 4-3C, column 2-6). Thus, loss of SOD1 can improve respiration-dependent 
growth of a mac1∆/∆ strain, but only under specific conditions of Cu availability. We also 
tested the effects of Sod1p loss in the disseminated model of candidiasis, where 
respiration is essential for virulence (80,281,282) and where the kidney is the major site 
of infection (237). Previous studies have shown that Cu availability becomes low in the 
kidney during C. albicans invasion (30,43,46,127), and with these Cu-limited conditions, 
loss of SOD1 may not be sufficient to support respiration-dependent growth. Indeed, as 
shown in in Fig. 4-3E, there was no significant difference between mouse survival in 
mice infected with mac1Δ/Δ or mac1Δ/Δ sod1Δ/Δ strains. However, as a potential 
caveat to these studies, sod1∆/∆ strains by themselves are defective in virulence in this 
mouse model (64) and consistent with this, we observed a slight trend towards 
decreased virulence in the mac1Δ/Δ sod1Δ/Δ strain compared to the single mac1∆/∆ 
mutant. In any case, our cell culture studies (Fig. 4-3C and 4-3D) demonstrate that 
Mac1p repression of SOD1 is just one method for preserving COX-respiration and other 
factors may contribute as well.  
 
mRNA profile changes associated with mac1Δ/Δ mutations 
To search for other factors that may contribute to the mac1Δ/Δ defect, we used 
an RNA-seq approach to identify possible targets of Mac1p regulation. For these 
studies, we compared mac1Δ/Δ to WT cells treated with 400 µM of the Cu(I) chelator 
BCS. As seen in Fig. 4-4A, these two experimental groups have similarly low levels of 





therefore be ascribed specifically to the loss of Mac1p, not variations in Cu 
accumulation.  
The possible targets of Mac1p-repression were defined as those genes 
repressed ≈ 3-fold or greater with BCS, but either unchanged or elevated in a mac1Δ/Δ 
strain. As shown in Fig. 4-4B, only three genes fit this category and of these, the most 
strongly repressed by Cu starvation is SOD1. Similar findings were obtained with C. 
neoformans, where the most prominent target of Cuf1-repression during Cu starvation is 
SOD1 (105). In the case of C. albicans, other genes down-regulated by BCS but not in 
mac1∆/∆ mutants include AAH1, which encodes an adenine deaminase that is 
differentially regulated in biofilms (289,290), and FGR23, a member of the FGR family 
that has been implicated in the regulation of filamentous growth (289) (Fig. 4-4B). 
Neither AAH1 or FGR23 are predicted to encode cuproproteins. Mac1p is known to 
repress SOD1 through a Mac1p binding consensus site in an intron, 147 nucleotides 
downstream of the translational start site (43) (Fig. 4-4B). Across the various known C. 
albicans Mac1p targets, the putative binding consensus sequence is XTTGCKCR where 
X, K, and R are preferably a T, T, A respectively (121,280). Using this sequence as a 
reference, neither AAH1 nor FGR23 have an obvious Mac1p consensus sequence 
within the coding region. In fact, no consensus sequences could be identified within 
1000 bps either upstream or downstream of AAH1 and FGR23. It is therefore possible 
that SOD1 is the only gene repressed by Mac1p in C. albicans, highlighting the 
importance of SOD1 repression during Cu starvation. As a possible caveat to our search 
of consensus sequences, C. albicans Mac1p may be promiscuous in its DNA recognition 
site, as has been observed for C. neoformans Cuf1p (105) and A. fumigatus Mac1p 
(110,113). 
We also interrogated possible gene targets of Mac1p activation. Such genes 





identified many previously published activated gene targets of Mac1p as being uniquely 
induced by Cu chelation including CTR1, FRE7, FRE30, SOD3, AOX2, and MAC1 (Fig. 
4-4C) (43,121,280). Aside from these genes for Cu uptake and genes that substitute for 
Sod1p loss (AOX2 and SOD3), a number of other loci were specifically induced by Cu 
starvation in WT cells, but not in mac1∆/∆ strains. These are summarized in the Venn 
diagram of Figure 5A showing gene ontology (GO) terms of genes that were upregulated 
more than three-fold in BCS versus mac1∆/∆ cells. Unique to BCS treatment were genes 
encoding hexose sugar transporters. Upon sequence analysis, none of these genes had 
obvious Mac1p binding consensus sequences. We have previously shown that sod1∆/∆ 
deletions induce hexose transporters, reflecting a role of Sod1p in glucose signaling 
(68). The total absence of Sod1p in BCS-treated WT cells (Fig. 4-1A) likely accounts for 
induction of sugar transporters with Cu starvation. We also observed genes for adhesion 
and hyphal growth induced in BCS-treated WT cells, but not in mac1∆/∆ cells e.g., 
ECE1, HWP1, ALS3 (Table S4-1). This is consistent with some development of 
filamentation observed with Cu-starved WT cells, but not in the mac1∆/∆ strain (Fig. S4-
1). Interestingly, Cu starvation has been reported to induce filamentation in C. albicans 
in a Mac1p-dependent manner through an unknown mechanism (120,291).  
 
Fe-starvation state of mac1∆/∆ mutants 
RNA-seq analysis indicated that mac1∆/∆ mutants are not only starved for Cu but 
also Fe. Specifically, we observed a large number of genes induced in mac1∆/∆ cells 
consistent with a transcriptional Fe-starvation stress response. Gene Ontology (GO) 
analysis revealed that many genes induced in the mac1∆/∆ strain were related to 
ribonucleoprotein complex biogenesis, which is regulated by the HAP43/CCAAT binding 





genes involved in reductive Fe uptake, heme acquisition and the siderophore transporter 
SIT1 (Fig. 4-5B), all of which are known be induced under Fe starvation stress 
conditions (293). While this manuscript was in its final stages of preparation, Khemiri et. 
al. published a study showing a similar high induction of specific Fe transport genes in 
mac1∆/∆ cells from the background strain SN125 (280). 
Regulation of Fe transport genes has also been reported with A. fumigatus 
Mac1p (Afmac1), however the role of Afmac1 in Fe homeostasis appears opposite to 
that of C. albicans Mac1p. AfMac1 is an activator of Fe uptake genes and loss of 
Afmac1p results in a decreased expression of Fe transporters (113), unlike the 
pronounced induction of the Fe transport regulon with C. albicans mac1∆/∆ mutations 
(Fig. 4-5B). C. albicans Mac1p is either a repressor of Fe uptake or the effects of 
mac1∆/∆ are an indirect consequence of Cu starvation. We favor the latter. Cu is 
important for Fe acquisition and in yeast species including C. albicans, FET multicopper 
oxidases drive Fe uptake into the cell (294,295). Consistent with this requirement for Cu 
in Fe uptake we find that C. albicans mac1∆/∆ mutants accumulate extraordinarily low 
levels of intracellular Fe (Fig. 4-6A), explaining the strong induction of the Fe starvation 
stress response at the mRNA level (Fig. 4-5B). Moreover, this Fe deficiency of C. 
albicans mac1∆/∆ mutants is totally reversed by Cu supplements (Fig. 4-6A), unlike 
AfMac1p control of A. fumigatus Fe transport which occurs independent of Cu status 
(113). With C. albicans, the Fe starvation stress state of mac1∆/∆ mutants appears 
secondary to defects in Cu homeostasis and the inability of these cells to populate FET 






Fe and Cu deficiency and the respiratory defect of mac1∆/∆ mutants 
With such low Fe in mac1Δ/Δ mutants, we questioned if limited Fe bioavailability 
could be contributing to the respiration defect of these cells. Both Complex I and 
Complex II of the electron transport chain make use of Fe-S clusters (296) and Complex 
II, III, and IV all make use of Fe in the form of heme (297). To test the impact of low Fe 
on mac1∆/∆ respiration, we sought to uncouple the Fe and Cu deficiencies of this 
mutant. Through Fe titrations we found that supplementation of 350 µM ferrous 
ammonium sulfate to the growth media restored Fe levels in the mac1Δ/Δ mutant to near 
WT levels (Fig. 4-6B), with no elevation in intracellular Cu (Fig. 4-6C). This restoration of 
intracellular Fe pools also alleviated the Fe starvation stress response of this mutant as 
demonstrated by reversal of the strong mac1∆/∆ induction of the CFL4 and SOD4 gene 
targets of the Sef1/Sfu1p Fe regulatory system (Fig. 4-6D,E) (293). However, 
amelioration of the mac1∆/∆ Fe deficiency had no effect on the poor respiration of these 
mutants (Fig. 4-6F), compared to the strong rescue of respiration with Cu supplements 
(Fig. 4-2C). The mac1Δ/Δ respiratory phenotype is overwhelmingly driven by 
deficiencies in Cu, not Fe.  
 
Evidence for mac1∆/∆ defects in Cu allocation for Fe uptake 
It is important to note that the Fe starvation state of mac1∆/∆ cells cannot wholly 
be explained by low total Cu. The same Fe stress response is not mirrored in WT cells 
treated with BCS (Fig. 4-5A,B), even though these cells accumulate similarly low levels 
of Cu (Fig. 4-2B, 4-4A). Only a small number of the Fe transport genes were induced in 
BCS-WT cells, including CFL2, CFL5, FET31, and the level of induction was greatly 
reduced compared to that of mac1∆/∆ cells (Fig. 4-5B). Just SOD4, which is not involved 





similar levels in BCS-treated WT versus mac1∆/∆ cells (Fig. 4-5B). Furthermore, BCS-
treated WT cells accumulate substantially higher levels of Fe compared to mac1∆/∆ cells 
(Fig. 4-7A). These comparisons to Cu-starved WT cells demonstrate that the severe Fe 
deficiency of mac1∆/∆ cells is not simply due to low total Cu. As with COX respiration, 
the mac1∆/∆ mutant appears impaired in proper allocation of Cu for Fe uptake.  
Since the respiratory defect of mac1Δ/Δ cells was improved upon loss of the 
Sod1p Cu consumer (Fig. 4-3B), we tested if a deletion in SOD1 would likewise restore 
Fe accumulation. Significantly and unlike respiration, deletion of SOD1 had no effect on 
the Fe deficiency of the mac1∆/∆ mutant (Fig 4-7B). Mac1p repression of SOD1 helps 
spare Cu for respiration but not for Fe uptake. Other Cu consumers may be preventing 
Cu allocation for Fe uptake and one family of genes that are suspect are the FETs 
themselves. Candida has 5 annotated FETs: Fet3p, Fet31p, Fet33p, Fet34p, and Fet99p 
(300). Of these, Fet34p and Fet99p are reported to be the most important for Fe 
acquisition (295) and both of the corresponding genes are strongly induced in mac1∆/∆ 
strains as part of the Fe starvation stress response (Fig. 4-5B). Of the FETs less critical 
for Fe uptake (Fet3p, Fet33p, Fet31p; (295)), FET31 is 100x fold induced in mac1∆/∆ 
mutants, while FET3 and FET33 are not substantially changed (Fig. 4-5B). It is possible 
that Cu binding to highly abundant Fet31p may preclude proper Cu allocation to the 
more essential FETs for Fe uptake. Other possible Cu consumers of the cell include the 
putative amine oxidases Amo1p and Amo2p and although neither is induced in mac1∆/∆ 
strains (Table S4-1), they may contribute to poor Cu availability. Additionally, we cannot 
exclude the possibility that Cu is sequestered in organelles such as the vacuole, or that 
a certain as-of-yet unknown Cu chaperone for Fet34p or Fet99p may be defective in 
mac1∆/∆ strains. Lastly, it is important to note that while Sod1p contributes to the 
respiratory defect of mac1∆/∆ strains, Sod1p by itself cannot account for the deficiency. 









Across numerous fungal species, the Cu sensor Mac1p/Cuf1p controls cell 
surface uptake of Cu to ensure that intracellular Cu levels remain ample under 
conditions where extracellular Cu is low (43,45,91,95,104,105,110,111,120,121,301). 
Our studies demonstrate that in addition to this role in Cu uptake, Mac1p in C. albicans 
participates in Cu allocation and prioritizing Cu for processes such as Fe uptake and 
cellular respiration. This role in Cu allocation is accomplished in part through down-
regulation of a major Cu consumer Sod1p and re-directing Cu towards COX for 
mitochondrial respiration. Previously, Mac1p control of C. albicans anti-oxidant genes 
SOD1, SOD3 and AOX2 was shown to maintain oxidative stress protection and ROS 
signaling during times of Cu limitation (68,123). We now show this regulation of 
antioxidant genes has the added purpose of sparing Cu for respiration that is essential 
for pathogenesis of C. albicans. These findings with Mac1p may not be unique to C. 
albicans. C. neoformans also represses SOD1 during Cu limitation(105) and the Cu 
maybe re-purposed for other cuproenzymes essential for pathogenesis.  
 
 
Materials and methods 
Fungal strains and culture conditions 
 Cultures of C. albicans were maintained at 30oC in YPD (1% yeast extract, 2% 
peptone, 2% dextrose). Where indicated, cultures were supplemented 400 µM of the 





carbon source containing YPGE medium (2% bacto-peptone, 1% yeast extract, 3% 
glycerol, 2% ethanol) and both YPD and YPGE plates were made with 2% bactoagar. 
YPD and YPGE plates supplemented with Cu contained 100 µM CuSO4. YPM media 
(1% yeast extract, 2% peptone, 2% maltose) was used to stimulate flippase activity. 
When noted, Fe was supplemented to liquid cultures as ferrous ammonium sulfate 
(Sigma Chemical Co.)) and Cu was added as CuSO4 (Sigma-Aldrich) 
C. albicans clinical isolate SC5314 was used as the WT and parental strain from 
which all mutants were derived. Construction of the mac1∆/∆ mutant by the SAT1-flipper 
method was as follows using primers described in Table S2: genomic DNA from strain 
SC5314 was used to amplify MAC1 residues -441 to -205 and +1423 to +1593. These 
were inserted respectively into the SacI and NotI and the XhoI and KpnI sites of the 
pSFS2 plasmid (279), generating plasmid pEC-M1L. The mac1 deletion cassette from 
pEC-M1L was mobilized by KpnI and SacI digestion and used to transform SC5314 by 
electroporation. Cells were plated onto YPD containing 200 mg/mL nourseothricin 
sulfate (NAT) (Gold Bio), and NAT resistant colonies selected and verified for presence 
of the NAT cassette by PCR. Positive colonies were then grown overnight in YPM media 
to induce excision of NAT resistance by flippase. Cells were then plated onto 25 mg/mL 
NAT containing YPD media and NAT sensitive colonies were selected. The resultant 
mac1∆/+ heterozygous mutant strain EC003 was verified by PCR. To delete the second 
allele, MAC1 sequences -205 to -1 and +1201 to +1419 were amplified by PCR and 
inserted into the SacI and NotI, and XhoI and KpnI sites in pSFS2 to generate the 
plasmid pEC-M1S. The deletion cassette from pEC-M1S was liberated with KpnI and 
SacI digestion and used to transform the mac1∆/+ strain EC003. NAT resistant colonies 
were selected and NAT resistance excised as above. Deletion of the second MAC1 





A single copy of MAC1 was introduced in the mac1∆/mac1∆ strain EC004 as 
follows: MAC1 genomic sequences from -205 to +1419 were amplified and inserted into 
pSFS2 at SacI and NotI sites. MAC1 residues +1209 to 1419 were inserted into XhoI 
and KpnI sites of this plasmid to generate the pEC-M1R plasmid, which was then 
linearized with SacI and KpnI and transformed into the mac1∆/∆ strain EC004, 
generating the mac1Δ/Δ::MAC1 re-integrant strain EC005.  
 A CRISPR protocol optimized for C. albicans was used as previously described 
(284) to generate the mac1∆/∆ sod1∆/∆ and a mac1∆/∆ control strain using 
oligonucleotides listed in Table S3. Homozygous null mutations were introduced using a 
donor DNA oligo 100 bp in length composed of residues -50 to -1 upstream and 50 base 
pairs directly downstream of the coding regions of MAC1 and SOD1, respectively. Guide 
RNAs to MAC1 and SOD1 were designed using Benching Software. Both SOD1 and 
MAC1 were simultaneously deleted in C. albicans strain SC5314 to generate strain 
EC007 and the mac1∆/∆ single homozygous mutant strain EC006 was generated 
similarly. Strains were confirmed by PCR and DNA sequencing. 
 Fungal cells were photographed using dark field microscopy using a Nikon 
Infinity 1 microscope at 40x magnification. 
 
Murine Virulence Studies 
Murine studies were carried out according to the National Institutes of Health 
guidelines for the ethical treatment of animals. This protocol was approved by the 
Institutional Animal Care and Uses Committee of the Johns Hopkins University medical 
institutions, protocol number M013M264. Nine-week old BALB/c female mice per strain 
in groups of ten were infected with 2x105 C. albicans cells in 100 µL by lateral tail 





between sexes has been noted in regards to the Cu response seen in the kidney during 
infection (30,43,127). The fungal cells for infection were obtained by growth overnight in 
YPD to OD600 ~15; cells were harvested by centrifugation, washed twice in sterile 1x 
phosphate buffered saline (PBS), enumerated on a hemocytometer and diluted to 2x106 
cells mL-1 in PBS. Mouse survival following injection was monitored daily up to 30 days. 
 
Metal measurements 
 For Cu analysis, cells were grown in YPD to OD600 of ≈2.0. 10-20 OD600 cell units 
were harvested by centrifugation and washed twice with 10 mM Tris, 1 mM EDTA, pH 8, 
and twice with MilliQ deionized water and cell recovery determined by measuring OD600. 
Cells were digested with 200 µL 10% nitric acid (Fisher Chemical) at 100oC, diluted to a 
final concentration of 2% nitric acid in MilliQ water and then Cu content was measured 
using an AAnalyst graphite furnace atomic absorption spectrometer (AAS) 
(PerkinElmer). Metal content was normalized to cell number. 
 For Fe measurements, samples were subjected to a bathophenanthroline 
disulfonate (BPS) based assay as previously described (303). Cells for Fe analysis were 
prepared in nitric acid as described above for AAS. A plate-based version of the assay 
was adopted in which reactions contained 100 µL of standard or cell sample, 75 µL of 
water, 40 µL of 38 mg ml-1 sodium ascorbate, and 32 µL of a 1/3 saturated ammonium 
acetate solution. A first measurement of absorbance at 535 and 680 nm was then 
measured on an Eon (Biotek) plate reader. After the first spectrophotometric readings, 3 
µL of 34 mg mL-1 BPS was added to each well. A second set of absorbance 
measurements at 535 and 680 nm was then measured. The BPS signal was determined 







Oxygen Consumption Assays for COX respiration 
Oxygen consumption measurements were conducted on whole cells similarly to 
published protocols (123,304) with modifications. Cells were grown in YPD to an OD600 
of ≈2.0, harvested by centrifugation and resuspended to an OD600 of 5.0 and allowed to 
grow for 1 hour in fresh YPD at 30oC. 500 µL of the 5 mL culture were added to 1 mL of 
YPD in a Clark-type electrode (Hanstech Oxythem Plus) in a magnetically stirred, 
thermostatically controlled 1.5 mL chamber at 30oC. Oxygen saturation was measured 
over the course of 3-5 minutes and the change in oxygen saturation over time was used 
to determine the oxygen consumption rate. To validate oxygen consumption dependent 
on COX-mitochondrial respiration, 10 mM potassium cyanide (KCN) was added to inhibit 
COX respiration as described (304). For all respiration experiments 3 cultures for each 
strain served as the biological replicates and for each biological replicate 2 technical 
replicates of oxygen consumption were averaged. 
 
Analyses of SOD protein and enzyme activity 
For immunoblots and SOD activity gels, cells were grown to an OD600 of ≈2 in 10 
mL YPD. 10 OD600 cell units were harvested, washed in water and resuspended in 100 
µL of a lysis buffer containing 5 mM EDTA, 5 mM EGTA, 50 mM NACL, 10% glycerol, 
and 0.1% Triton X-100 in 10 mM sodium phosphate, pH 7.8. An equal volume of 0.5 mm 
zirconium oxide beads (Research Products International) was added and the samples 
were vortexed three times for a minute and a half at 4oC. Samples were then centrifuged 
for 10 minutes at 14,000xg. Supernatant was removed and protein concentration was 
determined via Bradford method. The resultant protein lysates were used for immunoblot 





 Immunoblot analysis for Sod1p and Sod3p followed published procedures (305). 
Briefly 10-15 µg of the samples were subjected to denaturing gel electrophoresis on 4-
12% Bis-Tris acrylamide gels (Thermo Fisher). Proteins were then transferred to a PVDF 
membrane and blocked in 2% non-fat milk (VWR Life Science). Blots were probed with 
anti-SOD1(306) at a 1:10000 dilution and anti-SOD3 (305) at 1:5000. Primary antibody 
incubation was followed by incubation with secondary goat anti-rabbit IgG Alexa Flour 
680 antibody at 1:10,000 (Thermofisher Scientific). Blots were imaged on an Odyssey 
infrared imaging system (LI-COR Biosciences) at 700 nm. 
 For analysis of SOD activity, lysates were run on native non-reducing 10% Tris-
glycine gels at 50 mA for 90 minutes at 4oC. Gels were then stained with 35 mL of a 
potassium phosphate buffered solution containing Nitro Blue Tetrazolium (Sigma-
Aldrich), riboflavin (Acros Organics) and 35 µL of TEMED (Invitrogen) as previously 
published (305). Gels were incubated in this solution for 1 hour in the dark with gentle 
shaking. Gels were then placed in dH2O, exposed to light and photographed. 
 
RNA analysis by qRT-PCR and RNA-seq 
To prepare RNA for qRT-PCR or RNA-seq, triplicate cultures were grown 16 
hours to an OD600 of ≈ 2.0 in YPD. RNA was extracted from at least five OD600 cell units 
via an acid-phenol protocol as previously described (307). Briefly cells were lysed for an 
hour at 65oC with vortexing every 5 minutes in 400 µL of acid phenol pH 4.5 (Ambion 
AM9720), 350 µL of 3M sodium acetate pH 5.5 (Thermo Fisher Scientific), and 1% SDS. 
Samples were subjected to three organic extractions with acid-phenol, precipitated by 
ethanol and nucleic acids treated with DNAse by Rapidout (ThermoFisher Scientific 
K2981). For qRT-PCR, cDNA was synthesized using a RevertAid First Strand cDNA 





water before qRT-PCR analysis with PowerUp SYBR Green Master Mix (ThermoFisher 
Scientific). qRT-PCR was performed on a QuantStudio 3 (Applied Biosystems) 
instrument. Cycle threshold values (Ct values) were normalized to TUB2. Relative 
expression was calculated using the dCT method. Amplicons of ~200 bp were obtained 
from the primers for TUB2, CTR1, CFL4, and SOD4 shown in the Table S4-4. For RNA-
seq, RNA samples were processed by Novogene Corporation Inc. for paired-end 
sequencing on an Ilumina HiSeq 2500. Reads were aligned to the C. albicans reference 
genome (SC5314) using TopHat2 (308). Aligned reads were then used to generate read 
counts for each gene and the DE-seq package from Bioconductor was used for 
statistical analysis of differential gene expression (309).  
 
Software and Statistics 
 Differences were considered statically significantly if comparisons for P values 
were ≤ 0.05 using a one-way analysis of variance (ANOVA) with a Tukey posttest as 
determined by Graphpad Prism 7. Mouse survival was analyzed using a log rank test 
(Mantel Cox) to query any statistical differences. A gene was considered differentially 
expressed if its FDR for differential expression was <0.05. For GO analysis we used the 
Candida Genome Data Base’s GO Term Finder and report GO terms with an FDR of 











 Figure 4-1 Generation of a mac1Δ/Δ mutant and virulence in a murine model of 
disseminated candidiasis. (A) Shown is immunoblot analysis of Sod1p and Sod3p for the 
indicated C. albicans strains using anti-SOD1 and anti-SOD3 antibodies as described in 
Experimental Procedures. (B) Survival curves are shown with groups of 10 female mice 
infected with 2x105 cells of the indicated strains as outlined in Experimental Procedures. 
There was a statically significant difference (p<0.0001) between mice infected with WT 
and those infected with mac1Δ/Δ but not between WT and mac1Δ/Δ:MAC1 (p=0.15). 
Statistical significance of survival curves was determined by the log-rank (Mantel-Cox) 









Figure 4-2 The Cu deficiency and respiratory defects of mac1Δ/Δ strains. (A) 
Expression of CTR1 mRNA was analyzed by qRT-PCR and results normalized to TUB2. 
Results are shown for three independent cultures. Expression of CTR1 in the mac1Δ/Δ 
strain was significantly different as determined by two-tailed student’s T test (p=0.0003). 
(B) Total cellular Cu levels were measured by AAS in the indicated strains. Shown are 
the results of 4 independent cultures across 2 experimental trials. (C,E) KCN-inhibitable 
oxygen consumption was measured by a Clark-type electrode in the indicated strains. “+ 
Cu” and “+BCS” indicates cells cultured and assayed for oxygen consumption in the 
presence of 50 µM CuSO4 and 400 µM BCS, respectively. Results are from 4-6 cultures 
across 2-3 experimental trials. (D) 5 µL of a cell solution containing 0.01 and 0.001 
OD600/mL of the designated strains were plated on YPGE (“gly + EtOH”) or YPD 
(“glucose”) plates. Where indicated, media was supplemented with 100 µM CuSO4. 
Statistical significance for B,C,E was determined by one-way ANOVA with Tukey 
posttest; **p≤0.01, ***p≤0.001. The absence of a bracket indicates that comparisons are 
not significantly different. Strains utilized are as described in Fig. 1. With all the data 
points, the wide bar reflects the mean value and the standard error of the mean (SEM) is 







Figure 4-3 Deletion of SOD1 helps alleviate the respiratory deficiency of the mac1Δ/Δ 
strain. (A) SOD activity was analyzed by the native gel assay as described in 
Experimental Procedures. Shown are results from cells grown in the presence or 
absence of 1 mM CuSO4. The mac1∆/∆ strain exhibits Sod1 activity even without Cu 
supplements to the growth media. (B,C) Oxygen consumption (B) and total Cu levels (C) 
were measured in the indicated strains as described in Fig. 2C and 2B, respectively. 
Statistical significance was determined by one-way ANOVA with Tukey posttest; 
**p≤0.01, ***p≤0.001. The absence of a bracket indicates that comparisons are not 
significantly different. The individual data points represent 5-9 or 3 independent cultures 
in parts B or C respectively; the wide bar shows the mean and error bars represent 
SEM. (D) 10 µL of a cell solution containing 0.0005 OD600/mL of the indicated strains in 
PBS and increasing concentrations of Cu was spotted onto YPD (“glucose”) or YPGE 
(“gly + EtOH”). The cell solutions for columns 2-10 were supplemented with 50 µM, 75 
µM, 100 µM, 125 µM, 150 µM, 175 µM, 200 µM, 250 µM¸ and 1000 µM CuSO4, 
respectively. (E) Shown are survival curves of groups of 10 female mice infected with 
2x105 cells of the designated strains. There was no statically significant difference 
(p=0.51) between female mice infected with mac1∆/∆ and those infected with mac1Δ/Δ 
sod1Δ/Δ strains. Statistical significance of survival curves was determined by the log-
rank (Mantel-Cox) test. Strains utilized: WT, SC5314; mac1∆/∆, EC006; mac1∆/∆ 







Figure 4-4 Genes regulated by Cu starvation in a MAC1-dependent manner. (A) 
Intracellular Cu levels are shown for the individual cell samples utilized for RNA-seq 
analysis (n=3). One-way ANOVA with Tukey posttest was used to determine the 
statistical significance; ***p≤0.001. The absence of a bracket indicates that comparisons 
are not significantly different. Within the data points, the bar represents mean with error 
bars showing the SEM. (B, C) Summary of genes most strongly repressed (B) or 
induced (C) in WT cells treated with BCS, but not in mac1∆/∆ strains. Comparisons are 
made to untreated WT control cells. The position and sequence of the Mac1p consensus 







Figure 4-5 Differentially regulated genes by Cu starved WT versus mac1Δ/Δ mutants. 
(A) Shown is a summary of genes upregulated by >3-fold in WT + 400 µM BCS and 
mac1Δ/Δ strains compared to WT untreated control cells. (TOP) Venn diagram shows 
the total number of genes up-regulated under the two conditions. (BOTTOM) GO 
analysis shows enrichment of specific gene categories. The genes involved in hexose 
transmembrane transport were enriched specifically in BCS-treated WT cells with a P-
value of 0.00032. Genes associated with ribosome biogenesis and tRNA processing 
were specifically enriched in mac1∆/∆ cells with P values of 1.99 x 10-75 and 1.68 x 10-8, 
respectively. For genes upregulated under both conditions, the GO terms for ribosome 
biogenesis, siderophore transport, rRNA processing, and cellular ion homeostasis were 
enriched with P-values of 2.2 x 10-5, 0.011, 0.026, and 0.096 respectively. (B) Fold 
change of genes involved in Fe transport are shown for C. albicans in WT + BCS and 






Figure 4-6 mac1Δ/Δ mutants are severely starved for Fe. Intracellular levels of Fe (A,B) 
or of Cu (C) were measured by a colorimetric BPS-based assay or by AAS in the 
indicated strains as described in Experimental Procedures. (D,E) mRNA levels of SOD4 
and CFL4 was monitored by qRT-PCR in the indicated strains and values normalized to 
TUB2. (F) KCN-inhibitable oxygen consumption was measured as in Fig. 2C. Values are 
from 3-4 independent cultures over 2 experimental trials. Where designated, cultures 
were supplemented with either 100 µM CuSO4 (“+ Cu”), 350 µM ferrous ammonium 
sulfate (“+ Fe”) or 400 µM BCS (“+ BCS”). Statistical significance was determined by 
one-way ANOVA with Tukey posttest; *p≤0.05, **p≤0.01, ***p≤0.001. The absence of a 
bracket indicates that comparisons are not significantly different. Among the data points, 








Figure 4-7 The severe Fe deficiency of mac1∆/∆ cells and a proposed model for Mac1p 
in Cu homeostasis. (A,B) Intracellular Fe concentrations of the indicated strains was 
measured as in Fig. 6A,B. Statistical significance was determined by one-way ANOVA 
with Tukey posttest; ***p≤0.001. The absence of a bracket indicates that comparisons 
are not significantly different. Within the data points representing three independent 
cultures, wide bar represents mean with error bars showing the SEM. Strains utilized: 
WT, SC5314; mac1Δ/Δ, EC004 (part A) or EC006 (part B); mac1Δ/Δ sod1Δ/Δ, EC007. 
(C) Shown is a model for how C. albicans Mac1p regulates Cu homeostasis during 
infection. In the early stages of kidney infiltration (left), host Cu availability is high and 
there is sufficient Cu for FET multicopper oxidases for Fe uptake, for Cu/Zn Sod1p and 
for COX for mitochondrial respiration. At later stages (right), the host limits Cu availability 
to C. albicans. Mac1p is activated and induces Cu import as has been shown for 
numerous fungi (91,110,120,121,272,310). Additionally, C. albicans Mac1p represses 
SOD1, and induces SOD3 and AOX2 to maintain ROS homeostasis in the cytosol and 
mitochondria, respectively. The repression of the major Cu consumer Sod1p serves to 
maintain high COX respiration in the mitochondria through a Cu sparing mechanism. C. 
albicans Mac1p also helps spare a limited amount of Cu for Fe uptake, through a 






Table 4-1 Annotated RNAseq data. Excel file containing the annotated RNA-seq data 


































TABLE 4-2 Primers used for Plasmid construction. 
 
Primer Name Description Sequence 
M1-5L-SacI 
MAC1 -441 to -205 with 
SacI site for pEC-M1L 
GGAGCTCGTTTGACAACTTGCAGAT 
M1-5L-NotI 
MAC1 -441 to -205 with 
NotI site for pEC-M1L 
GGCGGCCGCACAAGGGAGGGATCAGGA 
M1-5S-SacI 
MAC1 -205 to -1 with 
SacI site for pEC-M1S 
GGAGCTCAGTTTCACCTAACCATTCCC 
M1-5S-NotI 
MAC1 -205 to -1 with 
NotI site for pEC-M1S 
GCGGCCGCTCCTTATTCAGTCTTGCTTT 
M1-3L-XhoI 
MAC1 1423 to 1593 




MAC1 1423 to 1593 




Amplify MAC1 1201 to 




Amplify MAC1 1201 to 










































































TUB2 F GAGTTGGTGATCAATTCAGTGCTAT (43) 
TUB2 R ATGGCGGCATCTTCTAATGGGATTT (43) 
CFL4 F CGAGAGTAAAGAGCCGTTGC (311) 
CFL5 R CATTGCTGGATGACCACAAG (311) 
SOD4 F CTTGACGAAGGTGACGATACTGCAA (298) 
SOD4 R TTAAAGCAGCAACAACACCGGCAAT (298) 
CTR1 F CAAAAGCTCGTGGAACCGGTAAATC (43) 























































The research in this thesis focused on trace elements at the host-pathogen interface 
with an emphasis on the role of Cu during C. albicans infection. While these studies 
have elucidated important information on the role of metals in both the mammalian host 
and microbial pathogen, many questions remain unanswered. These questions 
represent exciting new lines of investigations for the future. 
 
Exploring the role of calprotectin mediated toxicity 
 In Chapter 2, we describe a role calprotectin mediated toxicity that does not 
involve metal withholding, but rather growth is inhibited by physical interactions with 
calprotectin and possible hypo osmotic stress. So far, this alternate toxicity strategy has 
only been observed with the Lyme disease pathogen Borrelia burgdorferi. This type of 
calprotectin-mediated toxicity might occur in other pathogens, or some combination of 
metal withholding and physical interaction. Calprotectin toxicity in several other bacterial 
pathogens and in the fungal Candida albicans is mediated by metal withholding, so a 
first step could be to test whether the alternate mechanism involving physical 
interactions and cell wall stress occurs in the other microbial species (30,198). The basic 
experimental setup would be similar to Sohnle et. al with some modifications: first cell 
growth inhibition by calprotectin would be monitored, then this toxicity would be 
measured in a system where a calprotectin-impermeable membrane would separate 
calprotectin from the microbe (198). We would be looking for outcomes where direct 
contact between calprotectin and microbe is required for growth inhibition. 
 
Understanding Cu homeostasis of the host during infection  
Work in this thesis provided evidence that ATP7B and ceruloplasmin are not 





kidney Cu loss occurs? We were not able to investigate the CTR1 nor the other P-type 
ATPase in the kidney, ATP7A, as the corresponding genes are both essential and there 
are currently no kidney specific mouse models available. Mackie et. al. showed that in 
the Candida infected kidney, murine CTR1 protein levels rise progressively over the 
course of infection (46). What is the role of CTR1 in this context? As one possibility, 
CTR1 expression could reflect an approach by the host to limit Cu in the surrounding 
kidney tissue. Conversely, CTR1 expression might be a response by the kidney cells to 
local Cu limitation. Careful monitoring of CTR1 mRNA expression, protein levels, and 
protein localization during infection could begin to unravel the role of CTR1 in the 
infected kidney. Does CTR1 help execute global kidney Cu loss? Given that CTR1 
functions to import Cu into the cytosol, it seems unlikely that CTR1 alone could mediate 
kidney Cu loss. However, CTR1 could be working with a Cu exporter to affect global 
kidney Cu levels.  
ATP7A is one Cu exporter that remains highly suspect as a driver of kidney Cu 
loss during infection. Also, ATP7A might have been compensating for ATP7B loss in the 
ATP7B-/- mice (Chapter 3, Figure 3-5C). A careful investigation of the localization of 
ATP7A and ATP7B in a WT infected kidney and in an ATP7B-/- kidney could help expand 
our understanding of how the kidney might be losing Cu. If either were responsible for 
kidney Cu changes, I would expect them to localize at the plasma membrane. 
Specifically, I would be monitoring for ATP7B localization to the basolateral membrane 
(53,54). 
As an alternative to the more descriptive studies outlined above, tissue specific 
knockouts could be used. CTR1 and ATP7A are prime suspects as drivers of kidney Cu 
loss and so using a kidney specific knockout of these proteins could reveal their role 
during kidney infection. These experiments would be carried out similar to those in 





would be harvested at 0, 24, and 48 hours. We would monitor kidney Cu, Candida 
colony forming units, and fungal mRNA markers to determine if the loss of these 
transporters affects kidney Cu loss during infection. 
 Another key finding was that infection with the malaria parasite Plasmodium 
berghei caused kidney Cu loss. This showed that local infection was not necessary for 
the phenomenon to occur. This begs the question, what range of infecting organisms 
signal kidney Cu loss? To begin to answer this question, mice could be challenged with 
gram-negative or gram-positive bacteria, or with sublethal doses of LPS and kidney Cu 
could be monitored over time. This experiment would first establish if kidney Cu loss 
could happen in response to bacterial infection, and in response to known PAMPs in the 
absence of actual infection. If kidney Cu loss did occur, serum cytokines could be 
analyzed for potential signaling molecules. 
 
Mechanism of Mac1p mediated SOD1 repression 
In Chapter 4 of this thesis the role of Mac1p in Candida albicans was explored. 
However, there are still some outstanding questions. In Candida Mac1p functions as a 
transcriptional activator of all its targets except for SOD1. How does Mac1p repress 
SOD1? It is known that SOD1 has a Mac1p consensus binding site, which is located in 
intron located at position +148. Mutation of this Mac1p consensus sequence leads to 
constitutive expression of SOD1 (43).  One idea is that Mac1p binds to the SOD1 locus 
and drives transcription of a nonfunctional transcript in the 3’ to 5’ direction relative to 
SOD1. Another hypothesis is that Mac1p binds to the SOD1 intron and sterically hinders 
RNA polymerase. The precedent for transcriptional activators functioning as repressors, 
via a “roadblock” mechanism, has been established in S. cerevisiae (312). Both of these 





SOD1. If Mac1p were to be driving transcription in the 3’ to 5’ direction then we could 
expect to observe elevated levels of a transcript involving residues -1 to -50 of SOD1. If 
on the other hand, SOD1 is constitutively transcribed but RNA polymerase is blocked by 
Mac1p binding, then we might expect to see an N-terminal transcript of +1 to +100 that 
is equally abundant in Cu-replete and Cu-deplete conditions. In these experiments a 
positive result would be informative but a negative one might not be, as it is possible that 
mRNA decay could hide the results. 
An alternative to the PCR based approach mentioned above would be a Mac1p 
chromatin immunoprecipitation (ChIP) followed by either qRT-PCR or sequencing. To 
date, an antibody for C. albicans Mac1p does not exist and so one would have to be 
generated. Ideally, recombinant Mac1p would be expressed and purified in E. coli and 
used to generate a polyclonal antibody. However if efforts to purify recombinant Mac1p 
failed, a MAC1 construct could be expressed in C. albicans cells with a non-native tag, 
such as Myc or GFP, similar to what has been done in S. cerevisiae (93).Use of a 
tagged Mac1p avoids the generation of an antibody but would still need to be validated 
to ensure that the tag does not affect its function or regulation. 
 
Further investigating the role of Candida albicans Mac1p in 
transition metal homeostasis 
 In an RNA-seq experiment detailed in Chapter 4 of this work, we observed a 
number of differentially regulated transcripts caused by deletion of Mac1p. Our work and 
Khemiri et. al. show that a number of Fe related genes as well as new Mac1 targets are 
upregulated (280). However, to-date no group has observed direct binding of Mac1p to 
its targets on a large, unbiased scale. We suggest investigating the targets of Mac1p via 





discover new targets. As above, a Mac1p antibody must first be generated and validated 
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